3次元光メタマテリアルに向けたプラズモニックスプリットリング共振器配列の作製 by 上原 卓也
Fabrication of Plasmonic Split-Ring Resonator

















Doctoral Thesis Title 
Fabrication of Plasmonic Split-Ring Resonator Arrays 
for Three-dimensional Optical Metamaterials  
 
提出者  
東北大学大学院工学研究科                      
       応用化学  専攻   
     学籍番号   B4TD4002      
         氏名        上原  卓也        
Name       Takuya Uehara   
指 導 教 員               中川 勝      教授 
研究指導教員  
審 査 委 員          
（○印は主査） 
 ○ 中川 勝   教授 
 1 芥川 智行   教授  2 三ツ石 方也  教授 
 3              教授  4              教授 
5           教授  6           教授 
 Fabrication of Plasmonic Split-Ring Resonator Arrays 
for Three-dimensional Optical Metamaterials  
 
Thesis advisor               Author 
Masaru Nakagawa         Takuya Uehara 
Abstract 
[Chapter I: Introduction, Motivation, and Outline] Artificially designed structures which are much smaller than 
wavelength of electromagnetic waves, named metamaterials, have received increasing attentions because of their unique 
optical properties such as negative refraction. Split-ring resonator (SRR) is one of originally proposed structures, which 
exhibits negative permeability when a magnetic field of incident light penetrates SRR.[1] In a decade, according to one 
of the research trends of metamaterials demonstrating optical metamaterials which are functionalized in the visible-light 
frequency region, the size of the unit cell of an SRR has been downscaled to sub-micro and sub-100-nm sizes.[2] 
However, conventional time-consuming fabrication techniques limit the pattern area to smaller than several hundred 
micrometers, which cause the difficulties in further optical investigations and development to three-dimensional 
practical applications. This thesis aims to establish fabrication methods for Au SRR arrays that exhibit unique optical 
properties in the visible-light frequency region to develop three-dimensional optical metamaterials. The author proposed 
the fabrication processes based on ultraviolet nanoimprint lithograhpy (UV-NIL) which is a promising industrially 
acceptable method, to fulfill these requirements. 
 [Chapter II: Anisotropic Oxygen Reactive Ion Etching for Fabrication of Sub-50-nm Size Structures[3]] For a 
lithography process to transfer UV nanoimprinted resist patterns onto a substrate precisesly, anisotropic dry etching 
conditions to remove residual layers were investigated. The author designed and established an apparatus with parallel 
electrode configuration to perform anisotropic oxygen reactive ion etching (O2 RIE). Imprint resist patterns with 45 nm 
line-and-space on a silicon wafer were fabricated using a bisphenol A-based UV-curable resin by UV-NIL. Changes in 
the pattern shapes in terms of etching parameters of an O2 mass flow rate, an O2 pressure in the etching chamber, and a 
radio frequency (RF) bias power were investigated by field-emission scanning electron microscopy (FE-SEM) using 
cross-sections of imprint patterns on silicon substrates. Steep resist patterns with a linewidth of 45 nm and without a 
residual layer were left on a silicon wafer after O2 RIE, and the linewidth was almost maintained. It was revealed that 
large residence time and large mean free path of the reactive ionized species had significant effects on the linewidth and 
taper angle of the resist pattern, respectively. Finally, silicon line-and-space trench patterns with a linewidth of 45 nm 
were successfully fabricated by UV-NIL using imprinted resist patterns as dry etching masks. 
[Chapter III: Enhancement of Dry Etching Resistance by Atomic Layer Deposition-Based Inorganic 
Modification Methods] UV-cured resist patterns were modified by atomic layer deposition (ALD)-based methods to 
enhance dry etching resistance. The author investigated the infiltration behaviors of trimethylaluminum (TMA), which 
is an inorganic precursor of AlOx, into UV-cured resin films by an O2 RIE or Ar ion milling process. The O2 RIE rates 
of resin films suggested that resin films composed of a monomer without hydroxy groups allowed penetration of TMA 
into resin films and organic/inorganic hybridization uniformly. However, there was no effect on Ar ion milling 
resistance to fabricate Au nanostructures. The author newly developed the fabrication processes of Au SRR arrays by 
lithography process using the AlOx layer as a hard mask based on area-selective-ALD. The process allowed Au SRR 
arrays to be obtained with a narrow gap width of approximately 25 nm. In addition, the process of Cr etching allowed 
 the removal of AlOx residues attached on undesirable Au surfaces by the ALD method. The process suggested that the 
inorganic hard mask layer enabled the fabrication of Au SRR arrays with small gaps. 
[Chapter IV: Reverse-Tone Lithography in Print-and-Imprint Method for Fabrication of 50-nm-Linewidth Au 
SRR Arrays[4-7]] Reverse-tone lithography is well known as a potential method to overcome poor etching resistance of 
organic patterns. The etching contrast between patterned and top-coated layers allowed pattern transfer into a substrate 
precisely. The author proposed a print-and-imprint method for preparation of the uniform top-coated layer on the 
patterned layer to fabricate Au SRR arrays by reverse-tone lithography. The author invesitigated that screen printing 
with a laser-drilled polyimide mask with a hole diameter of 10 m allowed the placement of UV-curable resin droplets 
in a viscosity range of 2–266 Pa∙s. In particular, the case of a resin with a viscosity of 12.8 Pa∙s showed dot formability 
in 3 h because of nonvolatility. Therefore, the UV-curable resin, named NL-SU1, composed of two bisphenol-A based 
monomeres with a viscosity of 11.0 Pa∙s was developed for a topcoated layer. The cured resin films showed sufficient 
resistance in O2 RIE and Ar ion millin processes in comparison with those of an imprinted layer. The Au SRR arrays 
with a line width of 49 ± 2 nm and a gap width of 55 ± 3 nm were successfully fabricated by the process using the 
NL-SU1 resin for a top-coated layer. 
[Chapter V: Development of a Lift-off Process Based on UV-NIL for Fabrication of Uniform Au SRR Arrays with 
20-nm-Wide Gaps] Lift-off process is a one of common methods to fabricate metal nanostructures by metal deposition 
and successive resist removal processes. In contrast, cross-linked polymer, which is insoluble in organic solvent, is 
required to obtain nanostructures in UV-NIL. The author developed the UV-NIL method involving lift-off process using 
poly(methyl methacrylate) (PMMA) as a sacrificial layer and SiO2 layer as a hard mask layer. UV nanoimprinting was 
demonstrated on the PMMA layers without peeling from substrate and 46-nm-linewidth Au SRR structures were 
obtained. After lithography to remove residual layer, SiO2 layer, PMMA layer, and Au/Ti deposition processes, Au SRR 
arrays with a linewidth of 53 nm and gapwidth of 18 nm were uniformly fabricated on the substrate. In addition, the 
fabrication of double-layer Au SRR arrays which comprise Au-SiO2-Au layers were achieved by metal and dielectric 
deposition processes. This lift-off process opens possibilities to fabricate three-dimensional optical metamaterial based 
on a UV-NIL method. 
[Chapter VI: Conclusions] In this thesis, several nanofabrication methods based on UV-NIL were demonstrated to 
fabricate 50 nm size Au SRR arrays to develop to optical metamaterials. Anisotropic O2 RIE to remove residual layers 
underneath imprint patterns allowed the preparation of steep resist patterns as resist masks to transfer patterns onto a 
substrate. The enhancement of etching resistance of UV-cured resin patterns by inorganic modification or riverse-tone 
lithography technique led to the improvement of size deviation of Au SRR arrays. The Au SRR arrays with 
53-nm-linewidth and 18-nm-gapwidth fabricated by lift-off process indicated that the metal deposition method rather 
tha metal etching was a strong candidate to realize uniform Au SRR shapes. The process also allowed the fabrication of 
multilayer of Au SRR arrays by successive depostition processes. The author believes that the process based on UV-NIL 
opens the mass-production and the possbility of three-demensitonal optical metamaterials. 
References: [1] A. Ishikawa et al., Phys. Rev. Lett. 95, 237401 (2005). [2] T. Uehara et al., Chem. Lett. 42, 1475 (2013). 
[3] T. Uehara et al., J. Photopoly. Sci. Technol. 29, 201 (2016). [4] T. Uehara et al., Jpn. J. Appl. Phys. 54, 06FM02 
(2015). [5] A. Tanabe, T. Uehara et al., Jpn. J. Appl. Phys. 55, 06GM01 (2016). [6] T. Uehara et al., J. Vac. Sci. Technol. 
B 34, 06K404 (2016). [7] T. Uehara et al., Bull. Chem. Soc. Jpn. (2017), doi:10.1246/bcsj.20170280. 
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Chapter I: Introduction, Motivation, and Outline 
 
1.1 Metamaterials 
 Metamaterials are artificial patterns with engineered structures that are 
known to exhibit novel electromagnetic properties such as negative permittivity (), 
permeability () and refractive index (n), and provide new opportunities for optical 
applications. In general, n is recognized to be above 1.0 because  is a dominant 
parameter, while  is defined to be 1.0 in natural optical materials. However, in the 
theoretical expectation of negative index materials proposed by Veselago et al. in 1968, 
the possibility of unprecedented phenomena based on negative index properties was 
indicated.1 Here, the author introduces unique properties of metamaterials and 
describes practical applications of the various metamaterials.  
 
1.1.1 Novel Applications 
 Unique optical properties such as negative refraction lead to proposal of 
interesting optical devices. For example, perfect lens2-4 and optical cloaking5-8 are 
representative applications in negative index materials. In general, refraction occurs 
according to Snell’s law when the incident light passes through positive index 
materials. In case of refraction occurring through negative index materials, for 
example,  =  = −1, incident light is bent in an opposite direction, as shown in Fig. 
1-1.2 Moreover, the light creates focal points on the outside of negative index materials 
and inside the materials. In comparison with widely used typical lenses, metamaterial 
lenses allow an erected image to be focused at the focal point. These unique properties 
of negative index materials can be developed to slab lenses, although typical lenses 
require a complicated fabrication process for the spherical plane to produce a focal 
point. 
Regarding high-resolution lenses, several studies have reported that metal 
thin films with a thickness of a sub-wavelength enabled the detection of 100-nm-size 
structures.3,4,9,10 The lenses, named hyper-lens, were available in limited condition, 
1
  
such as a near field, because of the extinction of evanescent wave propagation. The 
hyper-lens allows a focal point to be created beyond the near field, and this concept 
was proposed and demonstrated by Zhang.9,10 High-resolution imaging, which was 
smaller than the diffraction limit, was demonstrated in the far field by recovering the 
lost evanescent information using a grating on the lens surface. Approximately 130 
nm imaging was achieved by a hyper-lens comprising Ag and Al2O3 cylindrical 
multilayers, as shown in Fig. 1-2.10 
The cloaking material is a notable application, since the first theoretical and 
experimental demonstration was investigated in the gigahertz-frequency region, as 
shown in Fig. 1-3.11 The concept of cloaking is based on transformation optics and is 
not necessarily realized by negative index materials. In contrast, cloaking materials 
must control the value of  to be within 0–1 using artificially designed structures. 
Valentine et al. demonstrated low-loss invisibility in the range of 1400–1800 nm using 
dielectric carpet cloaking, as shown in Fig. 1-4.12,13 The incident light showed the 
same reflectance behavior as in the case of no bump structures on the mirror, even if 
the bump structures existed. To realize such unique optical properties, various 
metamaterials comprising artificially designed structures have been proposed. 
 
1.1.2 Artificially Designed Structures 
 Unique optical properties mentioned in the former section have been 
demonstrated using repeated sub-wavelength structures. The electromagnetic 
properties of metamaterials that demonstrate negative refraction,14-16 high refractive 
index,17,18 and no refraction19 have been controlled by changing shapes, feature sizes, 
and materials of constituent meta-atoms. A split-ring resonator (SRR) was originally 
proposed as a designed structure that can restrict  to negative values when the 
magnetic field of the incident light is induced in SRR.20-22 The first experimental 
report of negative index materials in the gigahertz-frequency region was demonstrated 
with copper strips and SRR arrays by Smith et al.11 This demonstration triggered the 
2
  
achievement of negative index materials in low-wavelength regions, especially in 
optical frequency regions. The function of SRR was proposed to change the  values 
that led n to be a unique value, such as the negative index values. The SRR structure 
works as an LC resonator. For example, when magnetic fields of the incident light are 
induced perpendicularly onto a plane that possesses an SRR structure, the induced 
current occurs according to Lenz’s law. The induced current is interrupted by the SRR 
gap, and this current produces polarized electrodes in SRRs. This effect can be 
regarded as a capacitance in condensers, and the ring structure can be regarded as 
electric circuit inductance. Initially, an SRR was composed of two rings to produce 
electric oscillations, as shown in Fig.1-5.23 The resonance frequency is also 
determined by SRR shapes (dimension of unit cell, line width, gap width, and metal 
thickness). Therefore, the specifically designed dimension of an SRR is required to 
achieve negative values in the aimed resonance frequency region. In a decade, 
according to one of the research trends of metamaterials demonstrating optical 
metamaterials that are functionalized in the visible-light frequency region, the size of 
the unit cell of an SRR has been decreased to sub-micro and sub-100-nm sizes. 
 
1.1.3 Optical Metamaterials 
 As described in 1.1.2, SRRs have played an important role of negative index 
materials in microwave and terahertz regions. The research trends of optical 
metamaterials that show unique optical properties in the visible-light frequency region 
have been attempted by downscaling the unit cell of an SRR.24-27 However, according 
to the theoretical expectation, obtaining strong magnetic responses from single-SRR 
structures was impossible because of Ohmic loss. Therefore, alternative designed 
structures such as metal strip structures and fishnet structures were proposed to 
demonstrate negative index materials.28-31 Several studies reported that arrays of 
nanorod pairs (Au 50 nm/SiO2 50 nm/Au 50 nm) responded to the magnetic field of 
the incident light and produced negative values of  at a wavelength of 1.5 m.30 
Although negative values of  were also generated by the sandwich structures, it is 
3
  
difficult to realize double negative values at the same wavelength that cause negative 
refraction. The double-fishnet structures compensated the resonance mismatch 
between the negative  and ; more specifically, fishnet structures worked as a strip in 
a wide-range wavelength and succeeded in obtaining negative refraction values in the 
near-infrared frequency region.32-36 Since negative index values were achieved by 
simple structures such as nanorod or fishnet structures, especially in near-infrared 
regions, negative index values in complex components such as SRR structures have 
not been reported. The reason why negative values could not be achieved in the 
visible-light frequency region by an SRR was probably derived from difficulties in 
nanofabrication techniques. In contrast, multi-gap SRRs were proposed to 
demonstrate negative  values in the visible-light frequency region by Ishikawa et al.37 
The SRRs comprising two inner and outer rings have a realization limitation of 
negative values above 100 THz because of the structure problems. The other structures 
derived from the SRR were used as metamaterials that showed negative index values 
in the visible-light frequency region. 38,39 
 
1.2 Emerging Nanofabrication Technologies for Optical Metamaterials 
 To realize metamaterials that show unique properties in the near-infrared and 
visible-light frequency regions, sophisticated nanofabrication methods that allow the 
fabrication of sub-100-nm-size structures are required. In particular, metal SRR arrays 
have been fabricated by various methods from bottom-up to top-down technologies. 
Thus, the self-assembly method as a bottom-up technology and the lithography 
method as a top-down technology were described in detail for SRR array fabrication. 
 
1.2.1 Bottom-Up Technologies: Self-Assembly Methods 
 The bottom-up fabrication methods for sub-100-nm-size structures have 
attracted increasing attention because of size controllability, uniformity, and 
productivity over large areas. In particular, self-assembly techniques using Au 
4
  
nanoparticles (NPs) have been investigated to fabricate SRRs with narrow gaps by 
various methods.40-42 Tanaka et al. reported that the self-assembly method for Au 
trimer ring structures formed by DNA templates and three types of building blocks for 
the cyclic assembly were prepared by the functionalization of Au NPs modified with 
DNA.40 The gap controllability within single nanometer scales was achieved, and a 
unique absorption spectrum derived from Au trimers was observed at 596 nm in the 
visible-light frequency region. Although the valuable method of Au NP trimers 
showed better yield than other methods, only the polarized transmittance spectrum of 
Au NP trimers was investigated. This indicates that the yield of Au NP trimers could 
be measured in large-scale optical investigations. In contrast, Au NP trimers casted 
onto the glass substrate were not aligned in a uniaxial direction, meaning that it is 
difficult to reveal the plasmonic resonance derived from ordered Au trimers under 
basic optical investigations. 
Regarding the self-assembly method used to produce Au NPs, three-
dimensional core-shell clusters comprising Au NPs that showed magnetic responses 
in the optical frequency region were demonstrated by Mühlig et al.43 The concept of 
the fabrication method involves electrostatic forces between silica NPs and Au NPs. 
The silica NPs with a diameter of 130 ± 10 nm surface modified with N-[3-
(trimethoxysilyl)propyl]ethylenediamine were used as core structures to adsorb 
several Au NPs with a diameter of 10 ± 2 nm via electrostatic forces, as shown in Fig. 
1-9. The research showed an extinction spectrum of core-shell structures that shows 
an easy way to assemble Au NPs and obtains localized plasmonic resonance at 670 
nm in the visible-light frequency region. The core-shell structures formed with silica 
and Au NPs exhibit artificial isotropic magnetism in optical metamaterials. 
 
1.2.2 Top-Down Technologies: Lithography Methods 
 Electron beam lithography (EBL) is well known as a reliable nanofabrication 
tool for fabricating precise nanostructures, and the nanoscale fabrication of 
5
  
complicated structures can be achieved by focused electron beam writing toward resist 
materials on the substrate.44 In recent years, various metal structures with sub-100-
nm-size have been fabricated by EBL combined with the lift-off or metal etching 
process.45 The first fabrication of SRRs with a line width of less than 100 nm was 
demonstrated using EBL by Linden et al.46 Furthermore, the plasmon modes derived 
from the oscillation of free electrons in an SRR in the bottom lines and the side lines 
were distinguished through closed-circuit SRR structures. The geometrical effects 
were also discussed using a U-shaped SRR fabricated by EBL. Xu et al. reported that 
plasmonic resonance derived from an electromagnetic response of an SRR showed a 
blue-shift from the mid-infrared region at 1687 nm to the visible-light frequency 
region at 756 nm. Note that the magnetic response of SRRs was demonstrated in the 
optical frequency region by single-gap (U-shaped) SRR arrays. However, considering 
the development of the optical device in large areas such as millimeter square scales, 
it is a distant idea to use a time-consuming technique. 
Nanoimprint lithography (NIL) is also a promising method that has been 
accepted as an industrial standard technique to fabricate nanostructures with high 
throughput and low cost over a large area.36,47,48 The pattern transfer is conducted by 
mechanical contact between the resist materials and mold surface; therefore, the 
process has no feature size limitation because of the wavelength of the light source. 
Moreover, NIL can enlarge the pattern areas by step-and-repeat processes, which 
allows the fabrication of identical nanostructures with high throughput. In the research 
field of metamaterials, ultraviolet (UV)-NIL has been adopted to realize the 
fabrication of metal nanostructures over large areas. The fishnet structures composed 
of Au/SiO2/Au multi-thin films were fabricated by the UV-NIL and negative  and  
were obtained at the same wavelength of 1.7 m. Also, several studies have reported 
four-fold-symmetry L-shape resonator arrays with a minimum line width of 45 nm 
fabricated by NIL showing negative  and  at the wavelengths of 5.25 and 3.7 m, 
respectively. The pattern area is described in the following paragraphs. 
6
  
In our research groups, Au SRR arrays with approximately 50-nm-wide lines 
and 25-nm-wide double gaps were fabricated by thermal-NIL49 or UV-NIL50. In 
addition, NIL technology allows a large pattern area of 5 mm2 to be obtained. Also, 
such a large pattern area allows the measurement of optical properties without 
complicated optical set-ups. The polarized transmittance spectrum measured with 
oblique angles shows that the magnetic response derived from Au SRRs with an 
approximately 50-nm-wide lines was obtained at 690 nm in the visible-light frequency 
region. In contrast, the UV-NIL technique for sub-100-nm-size fabrication still has 
difficulties to be solved. The UV-NIL processes adopted in our research groups 
require resin patterns as resist masks to etch Au thin films. In the case of using resist 
materials with poor etching durability, the reduced size of the SRR structures during 
dry etching processes occurred and caused decreased plasmonic resonance derived 
from the magnetic response of SRRs. This is because the deviation of the line and gap 
widths affected the plasmonic resonance. Therefore, in addition to the pattern 
formability during the nanoimprinting processes, etching durability for 50-nm-size 
structures can be a crucial issue when UV-NIL is adopted as a fabrication method for 
optical metamaterials. 
 
1.3 Three-dimensional Nanofabrication Methods 
 Further investigations are required to reveal the optical properties of bulk-
state metamaterials for developing optical devices in the visible-light frequency region. 
In a decade, although numerous challenges for fabricating three-dimensional 
structures have been reported for optical metamaterials, crucial issues still remain, 
such as the limitation of the patterned area or integration method of metal 
nanostructures in dielectric materials.51,52 Here, the author introduces advanced 
fabrication methods for three-dimensional metamaterials. 
 
1.3.1 Two-photon Polymerization for Chiral Nanostructures 
 In a few decades, two-photon polymerization technology has been 
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investigated for three-dimensional nanostructures.53,54 Photo-polymerization occurred 
only at the focal point of the laser beam, which allows the fabrication of nanostructures 
smaller than the diffraction limit. In recent years, direct laser writing based on two-
photon polymerization has attracted much attention because it is a potential method 
for fabricating three-dimensional metamaterials from the perspective of increased area 
enlargement.55,56 Moreover, the area-selective electroplating method allows metals to 
be deposited on polymer surfaces of complex-shaped nanostructures after pattern 
fabrication. Gansel et al. reported that Au chiral metamaterials can be fabricated by 
direct laser writing and electroplating, as shown in Fig.1-13.57 The helix structures 
were originally derived from single-gap SRR structures, and resonance behavior could 
be predicted from the optical properties of SRR arrays. The Au helix with two pitches 
showed large transmittance ratios in the wide wavelength from 3.5 to 7.5 m, and the 
results indicated that Au helix structures could realize compact broadband circular 
polarizers by tuning the pitches of helix structures. Although the concept of Au helix 
structures was circularly polarizing materials in the near-infrared frequency region, 
the demonstration indicated that direct laser writing combined with electroplating can 
realize consecutive three-dimensional structures on the substrate. 
 
1.3.2 Multilayer Structures for Three-dimensional Metamaterials 
 The multilayer stacking process is a promising technique for building three-
dimensional structures, because the stacking process overcomes the morphological 
issues of taper shapes of multilayer structures caused by isotropic etching or 
deposition of multilayered metal films during lift-off processes.58 To demonstrate the 
step-by-step process for multilayer structures, a planarization process is required after 
the fabrication of Au nanostructures on the substrate. Liu et al. reported the fabrication 
of four-layer Au SRR structures by EBL combined with a planarization process with 
dielectric materials for spacers.59 The surface roughness after planarization was 
controlled within 5 nm, which allowed the consecutive steps by EBL to fabricate the 
structures. The effect of multilayer stacking was observed as new plasmonic peaks in 
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the polarized transmittance spectra. Although a negative refractive index was not 
obtained because negative values of  and  occurred in different frequency regions, 
this study indicates that the values of  and  affected by resonant behaviors can be 
controlled as a function of the number of stacking layers. Another approach for 
fabricating a multilayer using a transfer method was reported by Bergmair.58 The Au 
nanostructures fabricated by NIL and lift-off on the substrate were placed onto UV-
cured resin films, and the Au SRRs deposited by the evaporation were easily peeled 
off because of the low adhesion force between the Au SRRS and the Si substrate, 
enabling the transition of metal nanostructures from the substrate to organic resin films. 
 
1.3.3 Requirements for Three-dimensional Metamaterials 
The author introduced two types of fabrication methods for three-dimensional 
metamaterials. The step-by-step method has superiority of alignment, which means, 
especially in lateral direction, that the process ensures a multilayer of SRR arrays with 
the same direction and the same thickness of spacers. These top-down fabrication 
processes are enough for investigating the fundamental optical properties of multilayer 
structures. However, the time-consuming fabrication process must be replaced by a 
promising technique that allows the fabrication of integrated structures with high 
throughput and low cost. The concept of a unit cell or unit layer, which works as a 
functional building block, is a prospective method. The latter method using resin films 
follows a similar concept for realizing optical metamaterials. When using a unit layer 
that comprises metal SRR arrays on the membrane for multilayer structures, a mass-
production process is also required to fabricate functional unit layers. 
 
1.4 Objective and Outline of the Thesis 
This thesis aims to establish a fabrication method for a Au SRR that exhibits 
unique optical properties in the visible-light frequency region to develop optical 
metamaterials. Our research group revealed that double-gap Au SRR arrays with 48-
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nm-wide lines and 40-nm-wide gaps fabricated by thermal-NIL showed the 
interactions with magnetic fields of oblique incident light at 690 nm.49 The author 
considered that no magnetic interactions in the case of Au SRR arrays fabricated by 
UV-NIL were responsible for the nonuniform morphological structures of Au SRRs. 
The large deviation in the line and gap widths of Au SRR arrays causes broadening of 
plasmonic resonance in the transmittance spectra because of electric oscillation. It 
affects the magnetic response observed at 690 nm as a slight dip between two 
plasmonic resonances. Therefore, the precise fabrication of Au SRR arrays in 
accordance with the mold design and small deviations in the line and gap widths of 
SRRs are needed to obtain magnetic response in the visible-light frequency region. 
The author proposed that the fabrication processes fulfill these requirements. For 
further investigation of the optical properties of optical metamaterials and 
development of unique optical applications, such as high-resolution lens or cloaking 
materials, three-dimensional fabrication methods are required. In this thesis, the 
author proposed multilayer fabrication processes based on UV-NIL to develop large-
area patterning. 
In Chapter 2, to remove a residual layer located on the concave parts of UV-
nanoimprinted resist patterns and maintain the linewidth after dry etching, the author 
designs and establishes an apparatus with parallel electrode configuration to perform 
anisotropic oxygen-reactive ion etching (O2 RIE). Imprint resist patterns with 45 nm 
line-and-space on a silicon wafer were fabricated using a bisphenol A-based UV-
curable resin by UV-NIL. Changes in the pattern shapes in terms of etching parameters 
of an O2 mass flow rate, an O2 pressure in the etching chamber, and a radio frequency 
(RF) bias power were investigated by field-emission scanning electron microscopy 
using cross-sections of imprint patterns on silicon substrates. Steep resist patterns with 
a linewidth of 45 nm and without a residual layer were left on a silicon wafer after O2 
RIE, and the linewidth was almost maintained. Line and space patterns of 45 nm width 
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could be transferred to the subjacent silicon surface using the resist mask by a 
subsequent dry etching process. 
In Chapter 3, the UV-cured resist patterns are modified using atomic layer 
deposition (ALD)-based methods to enhance dry etching resistance. The author 
investigated the infiltration behaviors of trimethylaluminum (TMA), which is an 
inorganic precursor of AlOx, into UV-cured resin films by O2 RIE and Ar ion milling 
processes. The results showed that the resin layer modified by the ALD method can 
be removed by O2 RIE and that the AlOx layer deposited onto the Au films by the 
ALD method is a suitable mask for Au etching. Therefore, Au SRR arrays with 25-
nm-wide gaps were successfully fabricated by Ar ion milling using the ALD mask 
layer. 
In Chapter 4, the author develops a UV-curable resin (NL-SU1) suitable for 
screen-printing with laser-drilled polyimide masks and reverse-tone UV-NIL. The 
viscosity of the UV-curable resin composed of two bisphenol A-based monomers was 
adjusted to 11.0 Pa∙s for the screen-printing process. The UV-curable resin after curing 
could be used as a top-coated resist layer on another imprinted resist layer because of 
its sufficient contrast in O2 RIE and Ar ion milling. A method for reverse-tone 
lithography in a print-and-imprint method was also demonstrated to fabricate 20-nm-
thick and 50-nm-linewide Au SRR arrays. 
Chapter 5 reports the lift-off processes combined with the UV-NIL methods 
that were developed using poly(methyl methacrylate) as a sacrificial layer and SiO2 
layer as a hard mask layer. Au SRR arrays with a linewidth of 53 nm and gapwidth of 
18 nm were uniformly fabricated by the processes. The pattern enlargement of Au 
SRR arrays by UV-NIL on the substrate was also demonstrated. In addition, the 
double-layer Au SRR arrays that comprise Au-SiO2-Au layers were achieved by metal 
and dielectric deposition processes 
 In Chapter 6, the author summarized this thesis and described future 






Figure 1-1. Illustration of a slab lens with negative refractive index.2
n < 0 n = 1n = 1
Figure 1-2. (a) Schematic of hyperlens and numerical simulation of
imaging of sub-diffraction-limited objects. (b) An arbitrary object
“ON” imaged with sub-diffraction resolution. Line width of the









Figure 1-3. (a) 2D microwave cloaking structures. Snapshots of time-
dependent, steady-state electric field patterns, with stream lines [black
lines] indicating the direction of power. The fields shown are (b) the
simulation of the cloak with the exact material properties, and (c) the
simulation of the cloak with the reduced material properties.11
(a) (b)
(c)
Figure 1-4. A Gaussian beam reflected from (a) a flat surface
(b) a curved (without a cloak) surface (c) and the same curved reflecting
surface with a cloak. The left column shows the schematic diagrams. The
middle column shows the optical microscope images and normalized










Figure 1-5. Real and imaginary parts of the effective permeability of silver






Figure 1-6. Models of single SRR with double gaps used in calculations
above 100 THz. Real and imaginary parts of the effective permeability of
silver SRRs in the host material with  = 2.25 as a function of the SRRs’
dimensions.38
Figure 1-7. Models of single SRR with quadruple gaps used in calculations
above 100 THz. Real and imaginary parts of the effective permeability of









Figure 1-8. (a) Schematic outline of the DNA-templating process for
mass production of gold trimer ring. Ligand DNA covalently binds with
gold NP and then hybridizes with Template DNA and Supporting DNA
to form building blocks. (b) STEM image of gold trimer ring. (c) AFM
height images of gold trimers on quartz substrates. The inset is the
enlarged images. The trimers are indicated by the dashed white circles
in (c). The height range is 25 nm.40
(a) (b)
Figure 1-9. (a) Scanning electron micrographs of fabricated silica core -
Au shell clusters. (b) Measured extinction spectra of fabricated core-
shell clusters in solution (blue dashed curve). For comparison, the






Figure 1-10. Measured transmission (red) and reflection (blue) spectra.
In each row of this ‘‘matrix” an electron micrograph of the sample is
shown on the right-hand side. The two polarization configurations are
shown on top of the two columns. In the first row (A and B), the lattice
constant of the SRRs is 450 nm; in the second row (C and D), it is 600
nm; and in the third row (E and F), it is 900 nm. (A) to (F) correspond
to nominally identical SRRs. In the last row (G and H), results for
closed-ring resonators with 600 nm are shown. The combination of
these spectra unambiguously shows that the resonance at about 3-m







Figure 1-11. (a) Schematic of the fabrication method of a Au SRR array on a
silica substrate by Thermal NIL. The inset shows the design of the double-gap
SRRs. (b) Combined SEM image of the Au SRR array in a 5-mm square area. (c)




Figure 1-12. FE-SEM images of SRR arrays. (a) Resist patterns of thin films of 
NL-KK1 after UV nanoimprinting and (b) Au patterns obtained by Ar ion milling 






Figure 1-13. (a) Focused-ion-beam cut of a polymer structure
partially filled with gold by electroplating. (b) Oblique view of a
left-handed helix structure after removal of the polymer by
plasma etching. (c) Top-view image revealing the circular cross
section of the helices and the homogeneity on a larger scale. The
lattice constant of the square lattice is a = 2 m. Normal-
incidence measured and calculated transmittance spectra are
shown in the left and right columns. LCP and RCP are depicted
in red and blue, respectively. (d) Slightly less than one pitch of
left-handed helices, (e) two pitches of left-handed helices, and (f)










Figure 1-14. (a) Schematic diagram of the structure with definitions of
the geometrical parameters: lx =430 nm, ly =380 nm, w =80 nm, t =20
nm, s =70 nm, px =700 nm and py =700 nm. (b) Processing scheme.
(c,d) Atomic force microscopy images and cross-section profiles of
gold SRRs before (c) and after (d) planarization. Before planarization
(c), the peak-to-valley height is approximately 27 nm. After
planarization (d) with a 70 nm PC403, the peak-to-valley height is
reduced to 5 nm. Field-emission scanning electron microscopy images
of the four-layer SRR structure (e) normal view. (f) enlarged oblique










Figure 1-15. Schematic illustration of the fabrication method for gold SRR
multi-layers; (a) imprinting into two layer resist system, (b) etching of residual
layer, (c) deposition of Ti and Au, (d) lift-off of resists. (e) spin coating or
droplet dispense of Ormostamp, (f) imprinting and hardening of Ormostamp on
structured substrate, (g) separation and sticking of gold structures to
Ormostamp. (h) spin coating or droplet dispense of Ormostamp on 1st layer, (i)
imprinting and hardening of Ormostamp, (j) separation and sticking of gold
structures. (k) Optical microscope picture of stacked SRRs. Bottom to top the
number of SRR Layers increases up to four layers.58
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 In a lithography process using UV-nanoimprinted resist patterns as a mask 
layer, anisotropic etching is required to remove the underneath residual layer and to 
transfer the patterns onto the substrate precisely. The resist patterns left on the 
substrate after removing the residual layers should have dry etching durability enough 
to etch the substrate. Although some reports have achieved a pattern transfer into 
substrates less than 100 nm sizes,60 the investigation and evaluation of pattern 
morphologies have only focused on the substrates and not on the resist masks. 
Moreover, the dry etching processes using hard masks or technical etching processes 
have been widely adopted to compensate for the low-etching durability of organic 
patterned layers. The metal hard mask or hard mask comprising inorganic components 
with high etching durability allows the fabrication of small features with a high aspect 
ratio. However, the use of inorganic components often needs additional complicated 
processes such as depositing metal thin films onto the substrate, etching hard masks 
with particular gases, and removing the mask after etching the substrates. Another 
approach that demonstrates precise pattern transfer into the substrate is cryogenic 
etching. The low temperature of cryogen reduces the etching rate of the masks; 
therefore, remarkable etching selectivity was achieved using organic resist layers. 
However, to obtain small features of resist patterns without using a metal hard mask, 
sophisticated etching techniques or particular cooling set-ups are required. Moreover, 
precise pattern transfer must use restricted materials because the pattern shrinkage 
during the cooling process might cause the pattern disorders. 
 In this chapter, the author investigates a dry etching system based on a parallel 
plate-type etching apparatus suitable for sub-50-nm-size nanofabrication without any 
complicated technique or tool. The dry etching apparatus with a parallel plate type is 
a typical plasma etcher for demonstrating RIE. However, the crucial issue of 
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optimization for sub-50-nm-size patterning still remains in the conventional-type 
etching apparatus because the dry etcher was designed to obtain a high etching rate 
for deep substrate etching for fabrication of microstructures. The plasma density 
induced by a RF bias power was mainly determined by the distance between two 
electrodes. In the past decades, the approaches for realizing dense plasma by reducing 
the distance between electrodes have been investigated for micro-electro-mechanical 
sensors (MEMSs). For precisely fabricating sub-50-nm-size patterns, a new design of 
parallel-plate dry etching machinery is required to obtain low plasma density. Here, 
the author establishes the parallel-type dry etching apparatus with a 135-mm distance 
between the electrodes to control plasma density and etching anisotropy to remove the 
UV-nanoimprinted residual layer with sub-50-nm-size patterns. The removal of 
residual layers in UV-nanoimprinted patterns was demonstrated by O2 RIE, and 
pattern morphologies were investigated. In addition, the fabrication of sub-50-nm-size 
Si line patterns using UV-cured resin patterns as an etching mask was demonstrated. 
A part of this chapter has already been published in the Journal of Photopolymer 
Science and Technology 29, 201-208 (2016)61 by the author and collaborators. 
 
2.2 Experimental Procedure 
2.2.1 Set-up of Parallel-type Dry Etching Apparatus 
 Figure 2-1 shows the parallel-type dry etching apparatus developed by the 
author and colleagues, where the main chamber was made of stainless SUS304. The 
inner diameter and height of the main chamber were designed to be 155 and 205 mm, 
respectively. The distance between upper and lower electrodes was 135 mm. The RF 
generator (Biemtron, RG-300) which was connected to lower electrode was used at 
the constant frequency of 13.56 MHz. The O2 gas was introduced into the main 
chamber through mass flow controllers (Kofloc, 8500MC). The chamber pressure was 
controlled by operating a butterfly valve and monitored by crystal ion gauge (Anelva, 
M-336MX). The stage temperatures of the lower electrode was adjusted to be 15 °C 
using a water circulator. Samples for O2 RIE were loaded on AlN substrate with a 
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thickness of 1.0 mm located on the lower electrode. 
 
2.2.2 Materials 
 Bisphenol A glycerolate dimethacrylate (BG, Sigma-Aldrich, Figure 2-2a) 
and glycerol 1,3-diglycerolate diacrylate (GDD, Sigma-Aldrich) were used as base 
monomers in UV-curable resins. 2-Methyl-1-[4-(methylthio)phenyl]-2-morpholino-1-
propane (Irgacure 907, BASF Japan, Figure 2-2b) was used as purchased for a 
photoinitiator in UV-curable resins. The UV-curable resins of NL-SK1 mainly 
composed of GDD and of NL-KK1 mainly composed of BG were prepared. The molar 
ratio of monomer to photoinitiator was 1:0.04. The NL-KK1 was diluted using 1-
methoxy-2-propanol (PGME, Sigma-Aldrich) to tune the film thickness of resins on 
the substrate in the spincoating procedure. The weight ratio of NL-KK1 to PGME was 
adjusted to 1:40. The 4-in. Si wafer was purchased from Matsuzaki Seisakusyo. 
 
2.2.3 Preparation of UV-cured Resin Films and O2 RIE 
 A vacuum UV (VUV) light with an emission wavelength of 172 nm using a 
Xe excimer lamp (Ushio, UER-20-172VA) was used for cleaning of Si surfaces. VUV 
treatment was carried out under a nitrogen atmosphere under a pressure of 1.0 × 103 
Pa for 15 min. The NL-KK1 resin films with a thickness of approximately 0.1 m 
were prepared on the cleaned substrate by spincoating, annealing, and UV exposure 
procedures. The diluted NL-KK1 was spincoated onto the Si substrates at a rotation 
speed of 3000 rpm for 30 s and prebaked at 80 °C for 2 min. Then, UV exposure was 
carried out at a light intensity of 100 mW cm-2 for 10 s under a nitrogen atmosphere. 
The monitored wavelength of light exposure was 365 nm. UV light was obtained 
through the light emitted from a Hg-Xe lamp (Sanei Electric, Super cure203s) and 
passed through a cut-off glass filter ( > 320 nm). The light intensity was monitored 
using an optical power meter (Hamamatsu Photonics, C-6080-03). The 4 in. wafer was 
cut into 15 × 15 mm2 chips for O2 RIE. O2 RIE was carried out under various 
conditions as summarized in Table 2-1. An O2 mass flow rate, an O2 pressure in the 
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etching chamber, and a RF bias power were used as experimental parameters. The film 
thickness of NL-KK1 on the Si pieces before and after O2 RIE was measured using a 
surface profiler (Kosaka, ET4000A) with an applied stylus force of 10 N. 
 
2.2.4 UV Nanoimprinting and Removal of Residual Layer by O2 RIE 
 UV nanoimprinting was carried out using a UV nanoimprint stepper (Sanmei, 
ImpFlex Essential). The NL-KK1 resin films with a thickness of approximately 0.1-
m was prepared on 4-in. Si wafer by spincoating and annealing processes as 
described in former section. The condensable gas of 1,1,1,3,3-pentafluoropropane 
(HFC-245fa, PFP) was used to eliminate bubble defects in a nanoimprinting process. 
The NL-SK1 replica mold was prepared using an 8 × 8 mm2 silica substrate as a 
working mold from silica master mold (NTT-AT, NIM-PHL45) in this study. The 
surface of silica mold was modified with antisticking agent of tridecafluoro-1,1,2,2-
tetrahydrooctyltrimethoxysilane (FAS13) by chemical vapor surface modification 
(CVSM). The fluorinated replica mold which contained 45-nm-wide line-and-space 
pattern in 150 × 450 m2 was also surface modified by FAS13 according to our 
previous reports before UV nanoimprinting.62 The UV nanoimprinting comprised 
following four successive procedures; (i) approaching the mold surface to UV-curable 
resin films at a speed of 25 m s−1, (ii) filling the resin into mold cavities and holding 
for 30 s under the pressure of 1.6 MPa, (iii) UV exposure under a nitrogen flowing 
with a light intensity of 100 mW cm−2 at 365 nm, (iv) detaching the mold from cured 
resin films at a speed of 4000 mm s−1. The UV nanoimprinted resin patterns on Si 
wafer were cut into 15 × 15 mm2 pieces for O2 RIE. O2 RIE was performed according 
to the conditions summarized in Table 2-1. The cross-sectional images of resin 
patterns before and after O2 RIE were taken using a field-emission scanning electron 
microscope (FE-SEM). The linewidths and taper angles of resin patterns were 
analyzed from FE-SEM images using a ImageJ software (National Institute of Health). 
 An inductively coupled plasma (ICP) etching (Elionix, EIS-700) was 
performed using a NL-KK1 resist layer after removing a residual layer by O2 RIE. The 
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SF6 and C4F8 were used as etching gases with a mass flow rate of 5 sccm and 10 sccm, 
respectively. The ICP etching was conducted for 40 s under an ICP power of 300 W 
and a RF bias power of 100 W. 
 
2.3 Results and Discussion 
2.3.1 Design of O2 RIE Apparatus and Etching Rates 
 For the fabrication of precise patterns such as sub-100-nm-size structures by 
dry etching, it is required to control etching rates accurately. Especially in a case of 
fabricating sub-100 nm structures by UV nanoimprinting, residual layers underneath 
imprinted patterns should be less than 100 nm. However, the etching rates are too large 
to etch nanoimprint residual layers in conventional dry etching apparatus designed for 
MEMS fabrication because most apparatus aim to deep etching. Therefore, the new 
dry etching apparatus designed for sub-100 nm structures is required to demonstrate 
sub-100 nm patterning in UV-NIL processes. The plasma density, which dominantly 
affects etching rates, is controlled by distance between parallel electrodes in the etcher. 
In the past decades, the distance of electrodes were decreased to obtain the high-
density plasma for MEMS fabrication. Thus, the opposite attempt, increasing the 
distance of electrodes, was demonstrated to reduce plasma density for low etching rate. 
In this study, the author designed the parallel-type dry etching apparatus with an 
electrode distance of 135 mm as shown Figure 2-1. 
 It was assumed that the residual layer thickness was several tens nanometers 
because initial thickness of UV-curable resin films was approximately 0.1 m. Here, 
the O2 RIE conditions according to Table 2-1 were investigated to obtain low etching 
rates of several tens nanometers per minute. Figure 2-3 shows the decrease of film 
thickness of NL-KK1 films as a function of O2 RIE period. The film thickness 
decreased linearly with increasing etching period. In the case that O2 mass flow rate 
was changed as a parameter, while the O2 pressure of 0.5 Pa and the RF bias power of 
40 W were constant values, the etching rates were almost identical [52 nm min−1 for 
10 sccm, 52 nm min−1 for 20 sccm, and 53 nm min−1 for 30 sccm] as shown in Figure 
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2-3(a). The etching rates of NL-KK1 in terms of O2 pressure and RF bias power were 
depicted in Figure 2-3(b) and (c). It was found that etching rates of NL-KK1 increased 
with increasing the chamber pressure and the RF bias power. The etching rates were 
34 nm min-1 for 0.2 Pa, 52 nm min-1 for 0.5 Pa, and 72 nm min-1 for 1.0 Pa. In addition, 
the etching rates were 29 nm min-1 for 20 W, 52 nm min-1 for 40 W, and 106 nm min-
1 for 100 W. The results revealed that O2 pressure in the chamber and RF bias power 
affected the plasma density, while O2 mass flow rate had hardly effects on it.  
 
2.3.2 Anisotropic O2 RIE to Remove Residual Layer in Imprinted Patterns 
 To determine the O2 RIE period for removal of residual layer under various 
conditions as shown in Table 2-1, the residual layer thickness underneath imprinted 
patterns were measured from FE-SEM images. The cross-sectional FE-SEM images 
of imprinted NL-KK1 line-and-space patterns on the Si substrate was shown in Figure 
2-4(a). The 47-nm-wide NL-KK1 line patterns with a taper angle of 88° were 
successfully fabricated by UV nanoimprinting. According to the FE-SEM image, the 
residual layer thickness of 38 nm was observed. The O2 RIE period under respective 
etching conditions were simply determined by the residual layer thickness of 38 nm 
divided by the etching rates. 
 The cross-sectional FE-SEM images of NL-KK1 resin patterns after O2 RIE 
under various conditions were shown in Figure 2-4(b-h). The residual layers located 
underneath NL-KK1 imprinted patterns before etching were successfully removed by 
O2 RIE under all conditions. In the case of varying the O2 mass flow rate as a parameter 
in O2 RIE process, the linewidth of patterns were 36 ± 2 nm for 5 sccm [Figure 2-4(b)], 
42 ± 1 nm for 10 sccm [Figure 2-4(c)], and 47 ± 1 nm for 30 sccm [Figure 2-4(d)]. 
The shrink of linewidths of patterns were suppressed by increasing the O2 mass flow 
rate. The results indicated that low O2 mass flow rate caused isotropic etching derived 
from random collisions of reactive and ionized species. It was considered that the 
residence time () of species in the chamber was a potential factor to reveal this 
phenomena, which is represented by equation (1)63:  
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 = pV/Q   (1) 
where p represents the O2 pressure in the chamber, V represents the volume of reactor, 
and Q represents the O2 mass flow rate. In the case of small Q values, while p and V 
are constant value, residence time ( of species becomes large, resulting in a high 
possibility of undesirable collisions with reactive or ionized species. For an 
anisotropic O2 RIE, the conditions with a low O2 mass flow rate was preferable. 
 Figures 2-4 (c,e,f) show the FE-SEM images of NL-KK1 line patterns after 
O2 RIE under the conditions of changing O2 pressure in the chamber, while O2 mass 
flow rate of 10 sccm and RF bias power of 40 W were constant values. The linewidths 
of resist patterns had no significant differences owing to varying the O2 pressure. In 
contrast, the taper angles of line patterns were 86°[Figure 2-4(c)], 79°[Figure 2-4(e)], 
and 79°[Figure 2-4(f)] under the chamber pressure of 0.2, 0.5, and 1.0 Pa, respectively. 
The results suggested low pressure of O2 in the chamber promoted anisotropic etching. 
The mean free path (MFP) represented by following equation (2)63 is one of the 
important factors to discuss anisotropy in dry etching. The MFP represents the 
distance which species is able to travel without collision. 
MFP = 1/n = kT/p  (2) 
where n represents the density of species,  represents the intrinsic cross-sectional 
area of species, k represents the Boltzmann constant, T represents the temperature of 
plasma, and p represents the pressure of chamber. According to equation in (2), for 
anisotropic O2 RIE, obtaining large MFP, the low O2 pressure of 0.2 Pa was required. 
 Finally, the effects of the RF bias power on the morphologies of NL-KK1 line 
patterns after O2 RIE were investigated. Figures 2-4(c,g,h) show cross-sectional FE-
SEM images of patterns after O2 RIE under the various RF bias power from 20–100 
W. The constant parameters of the O2 mass flow rates of 10 sccm and chamber 
pressure of 0.5 Pa were used. The results showed the almost identical linewidths of 
patterns after O2 RIE even in the case of various RF bias powers. On the other hand, 
the taper angles were remarkably affected by the RF bias power. The taper angles were 
88° for 20 W [Figure 2-4(g)], 79° for 40 W [Figure 2-4(c)], and 75° for 100 W [Figure 
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2-4(h)]. It was found that decrease of taper angles of line patterns was suppressed by 
reducing the RF bias power. It was considered that the large MFP was achieved owing 
to low plasma density (n) generated by the RF bias power of 20 W as shown in Figure 
2-5. Considering the morphologies of NL-KK1 line patterns after O2 RIE as shown in 
Figure 2-4, the author concluded that the condition under an O2 mass flow rate of 10 
sccm, an O2 pressure of 0.2 Pa, an RF bias power of 40 W was preferable to 
demonstrate anisotropic etching for removal of residual layer. Furthermore, ICP 
etching was carried out to transfer line-and-space patterns which were left on the Si 
substrate after O2 RIE onto Si surfaces. The cross-sectional image taken by FE-SEM 
of a Si surface after ICP etching was shown in Figure 2-6. The 45-nm-wide line-and-
space patterns were successfully replicated by ICP etching using the NL-KK1 line 
patterns with 45 nm linewidths. The results also indicated that the NL-KK1 had 
possibility to work as resist mask for precise patterning through dry etching processes. 
   
2.4 Conclusion and Outlook 
 In this chapter, the author designed and established a parallel-type dry etching 
apparatus for O2 RIE. The apparatus with two electrodes with a separation distance of 
135 mm was demonstrated to realize a low plasma density to reduce the etching rates. 
The etching rates of UV-cured resin films with several tens nanometers were achieved 
by tuning the parameters of an O2 mass flow rate, an O2 pressure, and an RF bias 
power. The residual layers underneath the UV-nanoimprinted patterns were 
anisotropically etched by O2 RIE under an O2 mass flow rate of 10 sccm, an O2 
pressure of 0.2 Pa, and an RF bias power of 40 W. The O2 RIE conditions maintained 
the linewidths and taper angles of the resist patterns during the removal of residual 
layers. The cross-sectional FE-SEM observation revealed that the residence time () 
and MFP of the reactive ionized species had significant effects on the linewidth and 
taper angle of the resist pattern, respectively. Finally, silicon line-and-space trench 
patterns with a linewidth of 45 nm were successfully fabricated by UV-NIL using 





















Figure 2-1. Illustration of a main chamber of our developed
parallel-type dry etching apparatus.
4 in. Si substrate
Aluminum nitride
RF (13.56 MHz)















condition 1 2 3 4 5 6 7
O2 mass flow rate
(sccm)
5 10 30 10 10 10 10
O2 pressure
(Pa)
0.5 0.5 0.5 0.2 1.0 0.5 0.5
RF bias power
(W)
40 40 40 40 40 20 100
Table 2-1. O2 RIE conditions to etch NL-KK1 cured films and













Figure 2-2. Chemical structures of (a) base monomer and (b) photo-initiator for UV-
curable resin.
(a) bisphenol A glycerolate dimethacrylate (BG)








Figure 2-3. Decrease of film thickness of cured NL-KK1 films as a
function of O2 RIE period; (a) The O2 mass flow rate varied to 5, 10,
and 30 sccm under constant conditions of an O2 pressure of 0.5 Pa and
a RF bias power of 40W. (b) The O2 pressure varied to 0.2, 0.5, and
1.0 Pa under an O2 mass flow rate of 10 sccm and a RF bias power of
40 W. (c) The RF bias power varied to 20, 40, and 100 W under an O2




















































































Figure 2-4. Cross-sectional FE-SEM images of 45-nm-wide line-
and-space NL-KK1 imprinted patterns (a) before and (b–h) after O2
RIE under various conditions [etching period, O2 mass flow rate, RF
bias; (b) [50 s, 5 sccm, 0.5 Pa, 40 W], (c) [50 s, 10 sccm, 0.5 Pa, 40
W], (d) [49 s, 30 sccm, 0.5 Pa, 40 W], (e) [76 s, 10 sccm, 0.2 Pa, 40
W], (f) [36 s, 10 sccm, 1.0 Pa, 40 W], (g) [89 s, 10 sccm, 0.5 Pa, 20
W], and (h) [25 s, 10 sccm, 0.5 Pa, 100 W]. LW and TA indicate line
width and taper angle of patterns, respectively.61
Residual layer 










































































































































































































































































































































Line width: 45 nm
Taper angle: 88o
Figure 2-6. Cross-sectional SEM
image of silicon line-and-space
pattern fabricated by SF6- and
C4F8-based ICP etching using a
45-nm-wide NL-KK1 resist
mask after removal of a residual
layer by O2 RIE under
conditions (etching period: 76 s,
an O2 mass low rate: 10 sccm,




Chapter III: Enhancement of Dry Etching Resistance by 
ALD-Based Inorganic Modification Methods 
 
3.1 Introduction 
 In a UV-NIL process for fabricating metal nanostructures, UV-cured resist 
patterns with high dry etching resistance are required for precise pattern transferring 
onto the metal substrate. Common lithography methods for nanofabrication with UV-
cured resin patterns adopted chemical etching to obtain high etching selectivity. 
However, when Au films are etched, physical dry etching processes such as Ar ion 
milling are needed because Au is unreactive to chemical gases. Therefore, it is difficult 
to obtain etching selectivity using practical gases. Our research group previously 
reported that Au SRR arrays with 48-nm-wide lines and 42-nm-wide gaps fabricated 
by thermal-NIL showed a magnetic response at 690 nm in a visible-light frequency 
region.49 However, the author revealed that there was no interaction with the magnetic 
fields of incident light in the case of Au SRR arrays fabricated by UV-NIL.50 This was 
probably because the widened gap of Au SRRs compared to that of the mold design 
and deviation in line and gap widths weakened the practical dip due to the magnetic 
responses. Therefore, more sophisticated methods to fabricate Au SRR arrays that 
have almost identical morphologies to the mold design are required to obtain magnetic 
response in the visible-light frequency region. In this chapter, the author focused on 
atomic layer deposition (ALD)-based inorganic modification methods such as 
sequential infiltration synthesis (SIS)64,65 and sequential vapor infiltration (SVI)66,67 to 
enhance the dry etching resistance of UV nanoimprinted resist for Au etching. SIS has 
been widely used as a lithography technique with block copolymer templates because 
it allows domain-selective modification with inorganic materials.65 PMMA is a 
common resist used that is to be modified by SIS as a negative-tone EB resist.64 The 
resist materials modified with SIS showed high etching resistance and the ability to 
etch substrates. SVI also has received much attention because organic/inorganic 
modification is completed by one oxidization cycle. The method of consecutive purges 
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of inorganic reactants promotes the adsorption of precursors to functional groups in 
resins. However, the infiltration behavior of inorganic precursors into UV-cured resin 
films has not been previously reported. Thus, the author investigated the infiltration 
behaviors of trimethylaluminum (TMA) into UV-cured resin which showed good 
pattern formability and a small release of energy in UV nanoimprint processes. For a 
systematic study based on the chemical structures of base monomers, the author 
selected two monomers that had almost the same structure with or without hydroxy 
groups. The effects of organic/inorganic modification by ALD, SIS, and SVI methods 
on etching resistance were investigated by O2 RIE and Ar ion milling, and the 
fabrication of Au SRR arrays by UV-NIL combined with the ALD-based methods was 
demonstrated. 
 
3.2 Experimental Procedure 
3.2.1 Materials 
 The dimethacrylate monomers of BG and bisphenol A ethoxylate 
dimethacrylate (BE, Shin-Nakamura Chemical, Figure 3-2a) were used as purchased. 
Irgacure 907 and [phenyl-(2,4,6-trimethylbenzoyl)phosphoryl]-(2,4,6-trimethyl-
phenyl)methanone (Irgacure 819, BASF Japan, Figure 3-2b) were used as a 
photoinitiator of UV-curable resins. The ALD, SIS, and SVI reactant of 
trimethylaluminum (TMA) was used as received. Deionized H2O was generated from 
a purifier, and high-purity N2 was used as the purge gas and the carrier gas. The UV-
curable resins of NL-KK1 and BE369 were prepared by the same procedure as that 
described in section 2.2.2, and the base monomer and photoinitiator of BE369 were 
BE and Irgacure 369, respectively. 
 
3.2.2 Modifications of UV-cured Resin Films by ALD, SIS, and SVI 
Methods 
 All processes of ALD, SIS, and SVI were demonstrated using a handmade 
ALD reactor in our laboratory. The set temperature of the sample stage in the reaction 
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chamber was 140°C in ALD and 108°C in the SIS and SVI methods. The typical 
cycles of the ALD, SIS, and SVI processes are presented in the following sections. 
  
3.2.2.1 ALD Procedures 
The reaction chamber was evacuated and purged by N2 gas under a pressure 
below 10 Pa for 30 s. Then, TMA was introduced into the chamber for 0.1 s by opening 
the valve and the chamber was evacuated and purged by N2 gas. Finally, H2O was 
introduced into the chamber for 0.1 s.  
 
3.2.2.2 SIS Procedures 
The reaction chamber was evacuated to a base pressure of less than 10 Pa. 
TMA was introduced into the reaction chamber by opening the TMA valve for 0.1 s, 
and the chamber was sealed at a pressure of 1 kPa for 180 s. Afterward, the chamber 
was evacuated at a pressure of less than 10 Pa to remove excess precursors and 
byproducts under N2 flowing with a flow rate of 10 sccm for 300 s. Then, the N2 flow 
was stopped by closing the valves and evacuated again for 300 s. H2O was introduced 
by opening the valve for 0.1 s, and the chamber was sealed and evacuated under the 
same conditions of TMA. 
 
3.2.2.3 SVI Procedures 
The chamber was evacuated below 10 Pa before starting the processes under 
nitrogen flow. TMA was introduced into the chamber by opening the valve for 0.1 s, 
and the chamber was sealed under a pressure of 1 kPa for 1 min. Then, the chamber 
was evacuated with N2 flow for 60 s. The sequence corresponded to one TMA soak 
cycle. After each 25, 50, and 100 TMA soak cycle was repeated, the water soak cycle 
was conducted by opening the valve for 0.1 s and sealed under a N2 atmosphere 
pressure of 1 kPa for 30 s.  
The UV-cured resin films with a thickness of 0.1 m were prepared for ALD, 
SIS, and SVI treatments. NL-KK1 and BE369 were diluted by adding PGME with a 
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weight ratio of 1: 40 (=resin: PGME), and the diluted resins were spincoated onto the 
Si substrate at a revolution speed of 3000 rpm for 30 s and annealed at 60°C for 2 min. 
The UV exposure was conducted using a Xe-Hg lamp with a cut filter (>340 nm) for 
20 s. The intensity monitored at a wavelength of 365 nm was adjusted at 100 mW 
cm−2. O2 RIE and Ar ion milling were conducted on all films modified with ALD, SIS, 
and SVI methos under the following etching conditions: for O2 RIE, O2 mass flow rate 
of 10 sccm, chamber pressure of 0.2 Pa, and RF bias power of 40 W; for Ar ion milling, 
Ar mass flow rate of 10 sccm, chamber pressure of 0.5 Pa, and RF bias power of 20 
W. The film thickness was measured using a surface profiler at an applied stylus force 
of 10 N. 
 
3.2.3 UV-NIL with SIS and SVI Methods 
UV nanoimprinting was performed with an imprint stepper (Sanmei, ImpFlex 
essential) under a PFP atmosphere, as mentioned in section 2.2.4. The NL-SK1 resin 
mold with concave SRR structures on the silica substrate was used. The residual layer 
underneath the convex resin structures was removed by O2 RIE with an O2 mass flow 
rate of 10 sccm, a chamber pressure of 0.2 Pa, and an RF bias power of 40 W. The 
UV-nanoimprinted patterns were modified with a 5-cycle SIS method and a 100-cycle 
SVI method. The typical cycles of SIS and SVI modification processes were described 
in section 3.2.2, and after the inorganic modification by SIS and SVI, Ar ion milling 
was conducted under the following conditions: Ar mass flow rate of 10 sccm, a 
chamber pressure of 0.5 Pa, and RF bias power of 20 W. 
 
3.2.4 UV-NIL with ALD Method 
The UV-curable resin film of NL-KK1 on a Au-deposited substrate was also 
patterned by UV nanoimprinting under a PFP atmosphere using a mold having convex 
SRR structures. The fabrication process of resist patterns comprising UV 
nanoimprinting and O2 RIE on the Au-deposited substrate was described in section 
3.2.3. The 20-cycle ALD was conducted after removal of residual layer by O2 RIE. In 
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addition, excessive O2 RIE with an etching period of 30 min was carried out to remove 
resist patterns. Ar ion milling was also conducted to etch Au-deposited films. The dry 
etching conditions of O2 RIE and Ar ion milling were described in section 3.2.3. 
 
3.3 Results and discussion 
3.3.1 Infiltration Behaviors of Inorganic Precursors into UV-cured Resin 
Films 
 The UV-nanoimprinted resin films modified through ALD, SIS, and SVI 
methods were used as masks for Au etching by Ar ion milling. To reveal the effects of 
inorganic modifications on increasing the dry etching resistance, the etching behaviors 
of resin films in O2 RIE and Ar ion milling processes were investigated. The changes 
in the thickness of resin films before and after modification through ALD, SIS, and 
SVI methods as a function of O2 RIE periods are shown in Figure 3-3. According to 
Figure 3-3a, the linear etching rate was obtained in only NL-KK1 before ALD 
modification, whose etching rate was 31 nm min−1, and the other ALD-modified resins 
showed high etching resistance at the beginning of the O2 RIE period. The etching 
resistance of ALD-modified films increased with the number of ALD cycles. 
Especially in the case of conducting ALD with 20 and 30 cycles, it seemed that the 
inorganic layers formed on the top of NL-KK1 because non-etched thickness was 
observed during an O2 RIE period of 10 min. Although the etching rates of the 
modified films approached that of the unmodified film after the inorganic layer was 
etched, the etched amount of the modified films was less than that of the unmodified 
films at the same period. The results indicated that inorganic materials formed on the 
films because of TMA infiltration into the resin films. In the case of BE369, which is 
composed of monomers without hydroxyl groups, similar etching behaviors were 
observed. However, the amount etched was less than the amount etched of films that 
used NL-KK1. The difference in etching behavior was probably because of the 
functional groups of the different monomers. It was reported that TMA forms 
hydrogen bonding with hydroxy and carboxy groups in polymers. Thus, the hydroxy 
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groups in the polymer efficiently trapped TMA and suppressed the diffusion of TMA 
into the films.  
The SIS-treated UV-cured resin films showed linear etching rates, whereas 
ALD methods coated on the surfaces of UV-cured resin films with inorganic materials, 
and TMA infiltrated the films to several nanometers depth as AlOx materials [Figure 
3-3c,d]. The results showed that a longer TMA purge period allowed the penetration 
and adsorption of precursors into films and the uniform hybridization of 
organic/inorganic materials inside the films. After one cycle of SIS toward both NL-
KK1 and BE369 films, the etching rates decreased compared to those of bare films. 
When the number of SIS cycles was increased to 5, increased etching resistance was 
observed in both NL-KK1 and BE369 films. However, nonlinear etching rate of films 
was only observed in the case of NL-KK1. The etching rate increased with a decrease 
of NL-KK1 film thickness. The infiltration contrast might be caused by the nucleation 
of AlOx domains in BE369 by the first SIS cycle. The AlOx domains with nucleophilic 
hydroxy groups could be new trap sites of TMA when the next TMA was purged by 
consecutive SIS cycles. However, BE369 without hydroxy groups in the base 
monomer showed a linear etching rate (5 nm min−1) even in the case of 5-cycle SIS. 
Although increased etching resistance in O2 RIE process was observed, a TMA purge 
period of 300 s in the SIS procedure was not enough to infiltrate the resin films for the 
film with hydroxy groups. 
Compared to the SIS method, resin films modified by the SVI method showed 
linear etching rates [Figure 3-3e,f]. The etching resistance of SVI-modified films 
increased with the number of SVI cycles. The results indicated that a large enough 
TMA exposure time is needed to allow TMA adsorption to uniformly increase the 
etching resistance. The resin films modified by SVI showed high etching resistance 
compared to those modified by the SIS method with one cycle. The high concentration 
of TMA in the chamber and holding for a longer period of TMA purge support the 
diffusion of TMA into the films. In contrast, the resin films after 5-cycle SIS 
modification showed higher etching resistance than the films modified with SVI 
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methods, because the oxidization by several water doses allowed the formation of 
inorganic material networks. In the O2 RIE processes, the author showed that SVI 
modification allowed uniformly increased etching resistance of films.  
Figure 3-4 shows changes in the thicknesses of NL-KK1 and BE369 films 
modified by ALD, SIS, and SVI methods in Ar ion milling processes. In the case of 
ALD modification of resin films, the etching resistance of the films was improved. 
Furthermore, the dry etching resistance was as high as Al2O3 layers because no further 
etching was observed when more than 20 cycles of ALD were conducted [Figure 3-
4a,b]. Considering the etching behaviors of resin films in O2 RIE processes, it was 
indicated that inorganic AlOx layers formed on resin surfaces by ALD. In contrast, the 
dry etching rates of NL-KK1 and BE369 modified via the SIS and SVI methods were 
consistent with those of unmodified resins [Figure 3-4c-f]. In previous reports, the 
organic materials modified with SIS methods were rarely used as mask layers for 
pattern transfer into the substrate by chemical lithography techniques. Also, the resin 
layers modified with SVI were burned to develop inorganic structures on the substrates. 
However, there have been no studies investigating the etching resistance by SIS and 
SVI modification using physical dry etching processes such as Ar ion milling. This is 
probably because physical dry etching such as Ar ion bombardment has too large 
energy to affect inorganic modification. 
 
3.3.2 Pattern Morphology of Au SRR Arrays Fabricated by UV-NIL 
Combined with SIS and SVI Methods 
 Au nanostructures were fabricated by UV-NIL processes, including resist 
modification methods of SIS and SVI, as depicted in Figure 3-5. To enhance the 
etching resistance of UV-cured resin films as a mask layer for Au, UV-nanoimprinted 
resist patterns after SIS and SVI modifications were used. Figure 3-6(a,b) shows the 
atomic force microscopy (AFM) topographic images of UV-nanoimprinted NL-KK1 
films. The figure shows that the concave SRR structures with a pattern depth of 
approximately 60 nm and RLT of 10 nm were observed. The author confirmed that 
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after O2 RIE, the residual layer was completely removed, as shown in Figure 3-6(c). 
Figure 3-7 shows AFM topographic images and height profiles of Au SRR arrays 
fabricated by UV-NIL. Although Au SRR arrays were observed in both cases in which 
SIS and SVI methods were used to modify UV-nanoimprinted resist patterns, 
undesirable residues remained around SRR structures. The results suggested that the 
residues were derived from the SIS and SVI modifications, because AFM images 
showed that the size of the residues depends on the modification of the cycle numbers. 
While the nanoimprinted patterns were modified by the methods, AlOx was nucleated 
on the Au-deposited substrates. This mechanism of AlOx nucleating on Au surfaces 
has not been observed in previous studies. The adsorbed water and carbon oxide might 
behave as trap sites of TMA in the methods. This undesirable nucleation on the 
substrate would be suppressed by the surface modification with a self-assembled 
monolayer as the block layer. The line and gap widths of Au SRR arrays fabricated by 
UV-NIL with SIS and SVI methods were measured from FE-SEM images, as shown 
in Figure 3-8. The line and gap widths of Au SRRs fabricated by SIS methods were 
50 ± 3 nm and 48 ± 4 nm, respectively. When using SVI methods for inorganic 
modification, the line and gap widths were 48 ± 2 nm and 47 ± 3 nm, respectively. In 
comparison with the Au SRR arrays fabricated by UV-NIL, no recognizable 
differences were observed in the line and gap widths. The results reflected the previous 
fact that SIS and SVI modification methods exhibited no improvement in etching 
resistance in Ar ion milling processes. 
  
3.3.3 Reverse-Tone Lithography Methods using AlOx Mask Layers Based 
on Area-Selective Atomic ALD 
 The former demonstration in section 3.3.2 revealed that SIS and SVI 
modification toward UV-cured resin films had no effects on Ar ion milling resistance. 
Moreover, AlOx domains were probably deposited on Au surfaces by these processes. 
The author discussed the fabrication processes used to etch a Au film using AlOx layer 
as a mask, because ALD methods form an AlOx layer on Au surfaces. Figure 3-9 
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shows the reverse-tone lithography using the AlOx ALD method. The key method in 
this process is the AS-ALD method using the UV-nanoimprinted layer as a mask layer 
for ALD. In section 3.3.1, the author revealed that the AlOx layer formed by ALD 
exhibited high resistance in the Ar ion milling process, and that UV-cured resin films 
modified with 20-cycle ALD could be removed by O2 RIE. Figure 3-9(a) shows the 
NL-KK1 UV-nanoimprinted patterns of concave SRR structures. The line and gap 
widths of SRR arrays were 50 ± 3 nm and 28 ± 2 nm, respectively. The FE-SEM 
images of Au SRR arrays fabricated by reverse-tone lithography with an AlOx mask 
layer are shown in Figure 3-10(b,c), according to which the AlOx layer was available 
for the etching mask of Au films in the Ar ion milling process. Furthermore, Au SRR 
arrays with a small gap width of approximately 25 nm were obtained by the process. 
In conventional UV-NIL methods, gap widths of Au SRR arrays widened because of 
the low etching resistance of UV-cured resin films. In addition, shrinkage arising from 
UV-curing occurred on the edge of structures during the nanoimprint processes. 
Therefore, gap widths of Au SRR arrays decreased because of the taper shapes of the 
UV-nanoimprinted patterns. In contrast, the AlOx mask layer could suppress the 
shrinkage of gap widths due to high etching resistance. Although residues were 
observed next to Au SRR structures, the Cr removal process by wet etching 
successfully removed the half of residues, as shown in Figure 3-10(c). Further 
optimization to not deposit residues on undesirable Au surfaces by the ALD method 
is still required, but the results showed that Cr wet etching had the potential to remove 
the residues. 
  
3.4 Conclusion and Outlook 
 In this chapter, the author investigated the infiltration behaviors of TMA 
into the UV-cured resin films by O2 RIE and Ar ion milling. The O2 RIE rates of 
resin films suggested that resin films composed of a monomer with hydroxy groups 
trapped TMA at the surfaces and blocked infiltration. In addition, the results showed 
that inorganic modification, such as ALD-based SIS and SVI methods, improved O2 
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RIE resistance of UV-cured resin films. However, there was no effect on physical 
etching resistance to fabricate Au nanostructures. The author newly developed the 
fabrication processes of Au SRR arrays by reverse-tone lithography using the AlOx 
layer as a hard mask based on AS-ALD. The process allowed Au SRR arrays to be 
obtained with a narrow gap width of approximately 25 nm. In addition, the process 
of Cr etching allowed the removal of AlOx residues attached on undesirable Au 
surfaces by the ALD method. The process suggested that the inorganic hard mask 
layer could fabricate Au SRR arrays with small gaps. Further process optimization is 














































































































Figure 3-2. Chemical structures of (a) bisphenol A ethoxylate












Figure 3-3. Changes in thickness of UV-cured resin films of (a, c, e) BE369 and
(b, d, f) NL-KK1 as a function of O2 RIE period. The resin films of BE369 and










Figure 3-4. Changes in thickness of UV-cured resin film of (a, c, e) BE369 and (b,
d, f) NL-KK1 as a function of Ar ion milling period. The resin films of BE369 and





































































































Figure 3-6. AFM topographic images and pattern profiles of NL-KK1 imprinted SRR
arrays fabricated by UV nanoimprinting (a, b) before removal of residual layer by O2
RIE and (c) after O2 RIE for 30 s. The O2 RIE condition: the O2 mass flow rate of 10


















Figure 3-7. AFM topographic images and height profiles of Au SRR arrays fabricated by
UV-NIL with a mask layer of (a) NL-KK1 imprinted patterns, (b) NL-KK1 patterns
modified by SIS method for 5 cycles, and (c) NL-KK1 patterns modified by SVI method
for 100 cycles. The Ar ion milling condition: the Ar mass flow rate of 10 sccm, the Ar



























Figure 3-8. FE-SEM images of (a) NL-KK1 resist patterns after removal of
residual layers by O2 RIE and (b-d) Au SRR arrays fabricated by Ar ion
milling using a mask layer of (b) NL-KK1 imprinted mask, (c) NL-KK1 mask
modified by SIS method for 5 cycles, and (c) NL-KK1 mask modified by SVI
method for 100 cycles. The Ar ion milling condition; the Ar mass flow rate of
10 sccm, the Ar pressure in chamber of 0.5 Pa, the RF bias power of 20 W, and



























































































Figure 3-10. FE-SEM images of (a) imprinted concave SRR patterns of NL-KK1
on a Au-deposited film, (b, c) Au SRR patterns fabricated by reverse-tone UV-NIL
with AlOx layer as hard mask layer. The Au SRR arrays fabricated by the process
(b) before and (c) after Cr etching.
Line width: 35 ± 6 nm
Gap width: 25 ± 5 nm
Line width: 33 ± 4 nm
Gap width: 23 ± 4 nm
Line width: 50 ± 3 nm





Chapter IV: Reverse-Tone Lithography in Print-and-Imprint 
Method for Fabrication of 50-nm-linewidth Au SRR Arrays 
 
4.1 Introduction 
  Reverse-tone lithography is well known as a potential method to overcome 
crucial problems such as poor etching resistance of organic resist patterns and uneven 
RLT derived from undiluted substrate surfaces. The method is based on contrast in dry 
etching resistance between an imprinted layer and a top-coated layer. The top-coated 
layer is generally selected in inorganic materials with efficient resistance that realize 
high etching contrast toward organic imprinted layers. However, the complicated 
processes such as uniform deposition of an inorganic layer onto a patterned organic 
layer and removal of an inorganic layer after etching are necessary. The author 
previously reported reverse-tone UV-NIL using UV-curable resins for both an 
imprinted layer and a top-coated layer. Regarding the etching contrast between NL-
SK1 imprinted and NL-KK1 top-coated layers, the etching rate ratio was 6, which was 
sufficient to fabricate 10-nm-thick Au SRR arrays with a line width of approximately 
50 nm.68 However, spincoating and prebaking methods were needed for obtaining a 
top-coated layer on the imprinted surfaces because of using diluted UV-curable resin. 
It was assumed that sophisticated methods for obtaining thin films on uneven or 
patterned films are required because dewetting might occur in the case of using diluted 
resins by spin-coating or prebaking on patterned films. 
The author focused on screen-printing with a polyimide (PI) mask having 
through-holes fabricated by laser-drilling with a picosecond pulse laser. 69-71 The 
screen-printing allows the deposition of highly viscous UV-curable resin droplets with 
a small amount onto area, selectively. The droplet volume of UV-curable resins was 
controllable by changing the hole diameter and pitch in the PI mask. In addition, the 
author previously demonstrated the deposition of UV-curable resin with a volume of 
0.2 pL by screen-printing with a PI stencil mask that had 10-m-diameter holes. Since 
screen-printing enables the deposition of highly viscous UV-curable resin with a 
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volume of sub-picoliter, a wide range of UV-curable resins are applicable without 
solvent dilution for control of film thickness in the method. Therefore, the deposition 
of UV-curable resin with high etching durability is expected by screen-printing, and 
pressing with a superstrate, named print-and-imprint method, was an alternative 
effective technique for obtaining uniform thin top-coated layers on imprinted surfaces.  
In this chapter, first, to demonstrate the print-and-imprint method in reverse-
tone lithography for deposition of UV-cured resin films on imprinted resin layers, the 
usable resin viscosity range in screen-printing was investigated. Then, UV-curable 
resin with suitable viscosity for screen-printing and with sufficient dry etching 
resistance for the top-coated layer was developed based on the chemical structures. 
Finally, the author demonstrated the print-and-imprint method for fabricating 20-nm-
thick and 50-nm-linewide Au nanostructures by a reverse-tone process in a print-and-
imprint method using the developed UV-curable resin as a top-coated layer, as 
illustrated in Figure 4-1. 
 
4.2 Experimental Procedure 
4.2.1 Materials 
 BE, BG, GDD, and 1,10-decanediol diacrylate (AC10, Tokyo Chemical 
Industry) were used for base monomers, and Irgacure 907 and Irgacure 369 were used 
as photoinitiators. A fluorescent dye of Rhodamine 6G tetrafluoroborate (Exciton) was 
used for preparing fluorescent UV-curable resins, and PGME was used for dilution of 
UV-curable resins. 
 
4.2.2 Viscosity Measurement of UV-curable Resin for Screen-Printing 
Six types of fluorescent UV-curable resins (Resin 4A to Resin 4F) with 
different viscosities were prepared; their mixture composition and viscosity are 
summarized in Table 4-1. The viscosity of the resins was measured by a viscometer 
(Brookfield LVDV-E) at 25°C. The UV-curable resins were prepared according to the 
method described in section 2.2.2. The concentration of the fluorescent dye in the 
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respective resins was adjusted to 0.05 wt%. Screen-printing was performed using a 
printer (Mino Group Cube 1515) at a squeegee speed of 20 mm s-1 and a clearance 
gap of 5 mm. In addition, a 12.5-m-thick PI membrane with a hole diameter (d) of 
10 m and hole pitch (P) of 45 m was used as a screen mask. The fluorescent UV-
curable resins were placed by screen-printing, as shown in Figure 4-2 (i, ii). The 
droplets placed on the substrates were observed by fluorescence microscopy using a 
fluorescence cube (U-MWIG3, Olympus; excitation wavelengths, 530–550 nm; 
detection wavelengths, >575 nm), an objective lens (UPlanS Apo 10×/0.40, Olympus), 
and a charge coupled device camera (ORCAR2, Hamamatsu Photonics). The 
discharged resin droplets were cured under a N2 atmosphere by exposure to UV light 
for 10 s at a light intensity of 100 mW cm-2 for FE-SEM observation. UV light was 
obtained by passing the light emitted from a Hg-Xe lamp (Sanei Electric Supercure 
203s) through a cut-off glass filter ( > 320 nm). The light intensity was monitored 
using an optical power meter (Hamamatsu Photonics C-6080-03) at a detection 
wavelength of 365 nm. FE-SEM images were taken with a Hitachi S-4800. 
 
4.2.3 Investigation of the Uniformity of Residual Layer Thickness of 
Patterned by the Print-and-Imprint Method 
UV nanoimprinting was performed using an imprint stepper (Mino Group) 
combined with a screen-printing system, as illustrated in Figure 4-2(iii-v). A 
commercially available silica mold (10 × 10 mm2, NIM-PHL-45, NTT-AT) with 45, 
60, 80, and 100 nm line and space patterns was modified with an antisticking agent of 
FAS13 by CVSM. The UV-nanoimprint process comprised five steps: (i) approaching 
the fluorinated mold to resin droplets on the Si substrate at a speed of 10 μm s−1, (ii) 
increasing the applied pressure up to 5 MPa, (iii) holding the mold position for load 
adjustment for 30 s, (iv) curing the molded resin by exposure of UV light emitted from 
the light emitting diode arrays at a wavelength of 365 nm and a light intensity of 9 
mW cm−2 for 120 s, and (v) demolding at a speed of 100 μm−2. The top and cross-
sectional SEM images were obtained using FE-SEM. The RLTs of line-and-space 
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resist patterns were analyzed from the FE-SEM images using ImageJ software 
(National Institute of Health). 
 
4.2.4 O2 RIE and Ar Ion Milling 
 The dry etching apparatus with parallel electrode configuration developed in 
our group was used for O2 RIE and Ar ion milling. O2 RIE was conducted on UV-
cured resin films and Ar ion milling was conducted on resin films and Au-deposited 
substrates. Dry etching was demonstrated under the condition of a gas mass flow rate 
of 10 sccm, a chamber pressure of 0.5 Pa, and an RF bias power of 20 W. The stage 
temperature was maintained at 15°C during dry etching processes with a water 
circulator. The thicknesses of the resin films before and after O2 RIE and Ar ion 
milling were measured using a surface profiler (ET4000A, Kosaka) at an applied 
stylus force of 10 N. The resins diluted with PGME were spin-coated on the VUV-
exposed Si substrates with a thickness of approximately 0.1 m. The cured resin films 
were prepared by prebaking at 60°C for 2 min and consecutive UV exposure with a 
light intensity of 100 mW cm−2 at 365 nm and exposure period of 20 s under a nitrogen 
atmosphere. UV light was obtained through the light emitted from a Hg-Xe lamp and 
passed through a cut-off filter ( > 320 nm). The light intensity was monitored using 
an optical power meter, and the cured resin films were cut into square pieces of side 
10 × 10 mm2. Au-deposited Si substrates (100 nm Au/5 nm Cr/0.3 mm Si) were 
prepared by magnetron sputtering (CFS-4EP-LL, Shibaura Mechatronics).  
 
4.2.5 Reverse-Tone Lithography for Fabrication of Au SRR Arrays 
 A schematic of reverse-tone lithography in the print-and-imprint method is 
shown in Figure 4-1. An NL-SK1 film with a thickness of 0.04 m was prepared on a 
Au-deposited substrate by spincoating and prebaking. UV nanoimprinting using a 
convex replica mold was conducted under a PFP atmosphere, and the mold was 
modified with an antisticking layer of FAS13 by CVSM. The mold had an array of 
360 million convex double-gap SRRs in 5 × 5 mm2 areas. Each SRR was designed to 
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have a line width of 54 nm, an outer diameter of 212 nm, and a gap of 24 nm. The UV-
nanoimprinting process using a stepper comprised five successive steps, as described 
in our previous report.68 
 The placement of top-coated resin was demonstrated by screen-printing, and 
resin droplets were pressed with a fluorinated silica superstrate by UV nanoimprinting. 
The film thicknesses of the imprinted layer and top-coated layer were measured using 
a surface profiler at an applied stylus force of 10 N, and O2 RIE and consecutive Ar 
ion milling were conducted for double-layer films. In addition, dry etching processes 
were conducted under the following conditions: a gas pressure of 10 sccm, a chamber 
pressure of 0.5 Pa, and an RF power of 20 W. Morphologies of the imprinted resin and 
etched Au patterns were observed by FE-SEM and AFM in the dynamic contact mode 
using a scanning probe microscope (SII S-image) with a microcantilever (OMCL-
AC200TS-R3, Olympus). 
 
4.3 Results and Discussion 
4.3.1 Determination of Usable Viscosity Range in Print-and-Imprint 
Method 
  The fluorescence microscope images of UV-curable resins on Si substrates 
placed by screen-printing using a mask with d = 10 m and P = 45 m were shown in 
Figure 4-3. When using UV-curable resins with a low-viscosity range of 0.136–1.91 
Pa∙s [Figure 4-3 (a, b)], obscure images of nonuniform bright and dark areas were 
observed. Most resin droplets merged with the adjacent resin droplets after placement 
because of high fluidity of low-viscosity resins. In contrast, using resins with a high 
viscosity of 6.26 Pa∙s or more [Figure 4-3 (c-f)], a uniform individual droplet pattern 
was observed. However, using NL-KK1F with a higher viscosity of >400 Pa∙s made 
it difficult to perform screen-printing. Figure 4-4 shows the fluorescence microscope 
images of NL-SK1F droplets on the surface-modified substrate by screen-printing. 
These images were obtained in 10 min, 1 h, and 3 h after screen-printing, and the 
average diameters of the droplets observed in each period after placement were 18.8 
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± 1.0, 18.9 ± 1.0, and 19.0 ± 1.1 m, respectively. The NL-SK1F droplets maintained 
the dot shapes for 3 h. The results indicate that high-viscosity resins have advantages 
with respect to volatile organic compounds owing to intermolecular interactions such 
as hydrogen bonding. Jet-and-flash imprint lithography (J-FIL) requires a step-by-step 
nanoimprinting process; the UV-curable resin dispensed on the wafer must be molded 
as soon as possible because of the high volatility of low-viscosity resins. Meanwhile, 
screen-printing allows the placement of resin onto the whole wafer and fabrication of 
fine nanostructures by consecutive UV nanoimprinting without resin evaporation. 
Figure 4-5(a) shows the cross-sectional FE-SEM image of NL-SK1F droplets 
discharged by screen-printing using a mask with the hole diameter of d = 10 m, and 
Figures 4-5(b,c) show the height profile of the cured resin droplets for scanned lengths 
of 7 and 1 mm. The height of the spherical segment structure was determined by 
averaging 100 maximum values, and the average height of the spherical segment was 
1.63 m. Therefore, the average droplet volume of a spherical segment (V) was 
mathematically calculated as 
V = H3/6 + DH/8 
where D represents the diameter and H represents the height of the resin droplets. The 
calculated volume of a resin droplet was 0.161 (pL), which is similar to the resin 
volume dispensed by ink-jet printing. Precise volume control of resin droplets is 
essential for adjusting RLTs in UV nanoimprinting, because thick and nonuniform 
RLT causes undesirable substrate patterns in a lithography process. Dispensing low-
viscosity resin droplets by J-FIL allows the fabrication of sub-100-nm-size structures 
with thin residual layers below 100 nm. The results in this study indicate that screen-
printing enables the precise control of resin droplets under sub-picoliter and has a 
possibility to realize adjusting RLTs of UV-nanoimprinted films along with the mold 
cavities.  
 
4.3.2 Achievement of Uniform RLT by Print-and-Imprint Method 
Figures 4-6(a–d) show the FE-SEM images of UV-nanoimprinted Resin 4D 
62
  
(NL-SK1F) films with 45, 60, 80, and 100-nm-wide line and space patterns, 
respectively. By UV nanoimprinting with NL-SK1F droplets, fine structures were 
obtained without any non-fill defect. Figures 4-6(e–h) show the cross-sectional FE-
SEM images of NL-SK1F patterns corresponding to Figures 4-6(a–d). The uniform 
residual layers were observed underneath sub-100-nm-size fine structures, and the 
RLTs were approximately 0.12 m independent of the linewidths of the imprinted 
patterns. The author previously reported a comparison of RLTs by spin-coated resin 
films and by discharged resin droplets. The result in the present study shows that the 
discharged resin droplets eliminate the edge effects by contacting a mold and a spin-
coated resin film to obtain uniform residual layers.70 
 
4.3.3 Development of Screen-Printable UV-curable Resin with Sufficient 
Dry Etching Resistance for Reverse-Tone Lithography 
In sections 4.3.1 and 4.3.2, the author suggested that Resin 4D (NL-SK1F) is 
suitable for screen-printing with a PI through-hole mask in terms of viscosity. In 
contrast, for a UV-curable resin as a top-coated layer, high etching resistance to dry 
etching processes is required. Therefore, the author developed a UV-curable resin for 
the top-coat layer by adding BE into BG. It was shown that NL-SK1 resin with a 
viscosity of 12.8 Pa·s can be screen-printed with a 12.5-m-thick PI through-hole 
mask with a hole diameter of 10 m. The droplet shape was maintained after 3 h 
placement due to the low volatile property of GDD. Consequently, the author selected 
the mixture of BE and BG at a weight ratio of 4:5 (NL-SU1), which had a viscosity of 
11.0 Pa·s similar to that of NL-SK1. The author investigated whether NL-SU1 was 
printable through the PI-through holes with a diameter of 10 m, and an optical 
microscope image of NL-SU1 resin droplets on the NL-SK1 film placed by screen-
printing is shown in Figure 4-7(a). The author confirmed that hemispherical NL-SU1 
dot patterns were obtained using a surface profiler shown in Figure 4-7(b). The 
average diameter and height of the resin droplets placed by screen-printing were 38 
and 0.35 m, respectively. According to the height and diameter of the resin droplets, 
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the average droplet volume was calculated to be 0.20 pL.  
A sufficient contrast in the dry etching rates between the first imprinted resin 
and second top-coated resist layers is required for the reverse-tone lithography process. 
Figure 4-8(a) shows changes in the thicknesses of NL-SK1, NL-SU1, and NL-KK1 
films on Si substrates plotted as a function of O2 RIE period. The thickness of UV-
cured resins decreased linearly in accordance with the etching period. The etching 
rates of NL-SK1 and NL-SU1 calculated based on the plots were 44.6 and 24.7 nm 
min−1, respectively. Since the etching rate of NL-KK1 was 25.0 nm min−1, NL-SU1 
had a suitable viscosity for the print-and-imprint method and a similar etching 
durability to NL-KK1. In the case of Ar ion milling, etching rates of UV-cured resin 
films decreased with increasing etching periods, as shown in Figure 4-8(b). An etching 
rate reduction of the UV-cured resin films during Ar ion milling was probably caused 
by the thermal duration of the films. The NL-SU1-cured film showed a decreased 
thickness of approximately 20 nm for an Ar ion milling period of 3 min, while the NL-
SK1-cured film showed a decreased thickness of approximately 30 nm. It was 
confirmed that the NL-SU1-cured film exhibited a higher resistance to Ar ion milling 
than the NL-SK1-cured film. The etching rate of Au by Ar ion milling was 2.4 nm 
min−1, as shown in Figure 4-8(c). To demonstrate reverse-tone lithography with NL-
SK1 and NL-SU1, O2 RIE was conducted for the removal of residual layers and 
obtaining inverted convex resist patterns on the Au-deposited thin films, and then, a 
20-nm-thick Au film was etched by Ar ion milling. 
 
4.3.4 Reverse-Tone Lithography Using the Developed Screen-Printable 
UV-curable Resin as a Top-coat Layer 
After UV nanoimprinting of an NL-SK1 spincoated film with a thickness of 
0.04 m on the Au-deposited substrate, concave SRR patterns with a line width of 54 
nm and a gap width of 24 nm were observed by FE-SEM. According to AFM and 
surface profiler measurements, the pattern depth of the SRR structures and thickness 
of the NL-SK1 resin film were 40 and 56 nm, respectively. Therefore, the RLT was 
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estimated to be 16 nm. After placing NL-SU1 resin on the NL-SK1-imprinted film by 
screen-printing, the resin droplets were pressed with a fluorinated flat superstrate. The 
microscope observation indicated that the adjacent resin droplets merged and that even 
the film was obtained by the print-and-imprint method. The total thickness of the 
double layers was 90 nm according to the surface profiler measurement, which 
indicates that the thickness of the top-coated NL-SU1 film was 34 nm because the film 
thickness of NL-SK1 was 56 nm. To demonstrate reverse-tone lithography with the 
NL-SK1 under layer and the NL-SU1 top-coated layer, the etching periods for 
removing the UV-cured resin films by O2 RIE and for etching the Au films by Ar ion 
milling were determined. This research avoided adopting Ar ion milling to remove the 
UV-cured resin films because of the thermal duration during etching processes, which 
caused difficulties in determine the etching period because of the nonlinear etching 
rate. According to the film thickness and etching ratio of NL-SK1 and NL-SU1 films, 
the O2 RIE period for removing the NL-SK1 under layer was 2 min 40 s and the Ar 
ion milling period was 8 min 20 s. Figure 4-9(b) shows an AFM topographic image of 
pattern morphology after dry etching. The convex structures indicated that the etching 
contrast between NL-SK1 and Resin D was sufficient to obtain 20-nm-thick Au 
nanostructures. Figure 4-10 shows the FE-SEM image of Au SRR structures 
fabricated by reverse-tone UV-NIL, and the line and gap widths were 49 ± 2 and 55 ± 
3 nm, respectively. Notably, the results showed that the value variability of the line 
and gap widths was suppressed by the reverse-tone process with NL-SU1 compared 
to the structures fabricated by reverse-tone UV-NIL using NL-KK1 as a top-coated 
layer. Figure 4-11 shows the AFM topographic images of NL-KK1 and NL-SU1 
before and after dry etching. The morphologies of NL-KK1 and NL-SU1 had no large 
differences in the arithmetic average roughness (Ra) and maximum height roughness 
(Rz) before etching. The values of (Ra, Rz) of NL-KK1 and NL-SU1 before etching 
were (0.51, 4.87) and (0.36, 4.06), respectively. In contrast, after O2 RIE, the Rz of 
NL-KK1 was larger than that of NL-SU1. The surface roughness after O2 RIE also 
indicated that the heterogeneity of dry etching durability was due to the crosslink 
65
  
density of resin films. The cross-linked polymer consists of two domains: a stiff 
domain derived from densely crosslinked structures and a soft domain derived from 
loosely crosslinked structures. The soft domains were composed of monomer-rich 
areas that were not converted during the photopolymerization processes.72 It was 
indicated that the values of Rz may reflect the stiff and soft domains with tens of 
nanometer sizes derived from monomer conversions of resin films in O2 RIE process. 
In contrast, the resin films etched by Ar ion milling showed almost equivalent surface 
roughness. The physical dry etching, such as Ar ion bombardment, exhibited sufficient 
energy that produces negligible difference in the etching contrast between stiff and 
soft materials in the resin film. Therefore, in an O2 RIE process to remove residual 
layers, NL-SU1 is preferred for suppressing undesirable etching roughness, resulting 
in the suppression of deviations in line and gap widths.  
 
4.4 Conclusion and Outlook 
 The author proposed reverse-tone lithography in the print-and-imprint 
method for fabricating Au SRR arrays. First, the screen-printable viscosity range of 
UV-curable resin was investigated by fluorescence microscope observation. The resin 
with a high viscosity range of 2–266 Pa∙s was placed uniformly on the substrate. In 
particular, the case of a resin with a viscosity of 12.8 Pa∙s showed dot formability in 
3 h because of nonvolatility. Furthermore, the author developed UV-curable resin, 
named NL-SU1, with a viscosity of 11.0 Pa·s, which is suitable for screen-printing 
and reverse-tone lithography. NL-SU1 droplets were screen-printed on the NL-SK1-
cured film with a laser-drilled PI mask with a hole diameter of 10 m and a hole pitch 
of 120 m. The volume of a resin droplet was estimated to be 0.20 pL. The dry etching 
resistance of the NL-SU1-cured film to O2 RIE and Ar ion milling had no significant 
difference from the cured film of NL-KK1, which was previously used as a top-coated 
layer in reverse-tone UV-NIL. The author also demonstrated that NL-SU1 worked as 
a second top-coated layer on a first NL-SK1-imprinted layer through the fabrication 












Figure 4-1. Schematic illustration of reverse-tone lithography using a print-and-imprint 
method. (i) Preparation of a flat top-coated layer by screen printing of resin droplets onto 
imprinted layers followed by step-and-repeat UV nanoimprinting with a flat silica mold. (ii) 
Removal of redundant top-coated and imprinted layers by O2 RIE. (iii) Ar ion milling 













Weight ratio Viscosity 
(Pa∙s)AC10 NL-SK1F NL-KK1F
Resin 4A 1 1 0 0.136
Resin 4B 1 6 0 1.91
Resin 4C 1 20 0 6.26
Resin 4D 0 1 0 12.8
Resin 4E 1 0 10 47.9
Resin 4F 1 0 40 266





















Figure 4-2. Schematic illustration of a print-and-imprint method which comprising
screen printing to place droplets of high-viscosity UV-curable resin on a substrate
surface through a laser-drilled mask and subsequent UV nanoimprinting with a









Figure 4-3. Fluorescence microscope
images of droplets of (a) Resin 4A (0.136
Pa∙s), (b) Resin 4B (1.91 Pa∙s), (c) Resin
4C (6.26 Pa∙s), (d) Resin 4D (12.8 Pa∙s),
(e) Resin 4E (47.9 Pa∙s), and (f) Resin 4F
(266 Pa∙s) placed on Si surfaces. A PI
mask had a diameter of d = 10 m and a
pitch of P = 45 m. The fluorescence
images were taken 10 min after screen



















Figure 4-4. (a – c) Fluorescence microscope images
and (d – f) diameter distributions of Resin 4D (NL-
SK1F) droplets observed (a, d) 10 min, (b, e) 1 h,
and (c, f) 3 h after discharging by screen printing
using a PI mask with d = 10 m and P = 45 m.









































Figure 4-5. (a) Cross-sectional FE-SEM
image of a NL-SK1 droplet discharged
with a PI mask (d = 10 m) and cured by
UV exposure. (b, c) Height profiles of
cured NL-SK1 droplets measured with a
surface profiler in a length range of (b) 7
mm and (c) 1 mm. [Citation: J. Vac. Sci.








































































Figure 4-6. (a – d) Top and (e – h) cross-sectional FE-SEM images of (a, e)  45-nm-, (b, f) 60-
nm-, (c, g) 80-nm-, and (d, h) 100-nm-wide imprinted Resin 4D patterns on a silicon substrate 
prepared by the print & imprint method with a PI mask (d = 10 m, P = 30 m) and a NIM-
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Figure 4-7. (a) Reflected light optical microscope image of NL-SU1
droplets printed onto a NL-SK1 cured film and (a) a height profile of
cured NL-SU1 droplets measured with a surface profiler. . [Citation:
























   
Figure 4-8. Decrease of film thickness of
NL-KK1, NL-SU1, and NL-SK1 cured
films as a function of period of (a) O2
RIE and (b) Ar ion milling. (c)
Decreased thickness of a Au-deposited
film by Ar ion milling. . [Citation: Bull.





























Figure 4-9. AFM topographic images and height profiles of (a) an
imprinted NL-SK1 layer with concave SRR-shaped patterns on a Au-
deposited film and (b) Au SRR patterns fabricated by reverse-tone
lithography in a print-and-imprint with a top-coated layer of NL-SU1.













Figure 4-10. FE-SEM image of Au SRR
structures fabricated by reverse-tone
lithography in a print-and-imprint method
with a first NL-SK1 imprinted layer and a












Figure 4-11. AFM topographic images of cured films of (a–c) NL-KK1 and (d–f) 
NL-SU1. (a, d) flattened cured films, (b, e) cured films after O2 RIE for 2 min 40 s, 































(d) Ra: 0.36, Rz: 4.06 (f) Ra: 0.28, Rz: 4.81(e) Ra: 0.43, Rz: 4.02
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Chapter V: Development of a Lift-off Process Based on UV-




 In previous chapter 3 and 4, the fabrication of Au SRR arrays were 
demonstrated by metal etching processes based on UV-NIL. The inorganic mask of 
Al2O3 layer deposited by ALD process allowed the fabrication of SRR structures with 
narrow gap width of 25 nm because of their high etching resistance. On the other hand, 
the large deviation of line and gap widths probably will weaken the plasmonic 
resonance derived from oscillation of electrons in SRR structures. The reverse-tone 
lithography using the developed UV-curable resin enabled the fabrication of uniform 
Au SRR arrays with small deviation in line and gap widths. However, the gap widths 
of Au SRRs were larger compared to those of mold design of 24 nm. To overcome 
these issues, the author hits on a lift-off process. The lift-off process is a promising 
method for fabrication of metal nanostructures without metal etching. The process 
comprises following three fabrication steps; (i) fabrication of organic resist patterns 
onto a substrate, (ii) metal deposition, and (iii) removal of resist layer by immersing 
in a solvent to dissolve organic layers. Although the lift-off process was not commonly 
used in UV-NIL processes because cross-linked UV-cured resins were hardly 
dissolved in organic solvent required in the process, it was reported that metal 
nanostructures were fabricated by lift-off process with UV-NIL method.73 
In this chapter, the author demonstrates a lift-off process based on UV-NIL 
methods using a sacrificial layer of PMMA to remove resist layers with an organic 
solvent after metal deposition as shown Figure 5-1. The inorganic SiO2 layer was also 
inserted between a UV-cured resist layer and PMMA sacrificial layer to obtain high 
etching resistance to prevent the sacrificial layer from being dissolved. Finally, 20-
nm-thick Au SRR arrays and triple-layer arrays of Au 20nm/SiO2 5nm/Au 20nm were 




5.2 Experimental Procedure 
5.2.1 Materials 
 905PMMA C2 (MicroChem), mr-APS1 (micro resist technology), and mr-
UV-Cur21-100nm (micro resist technology) were used as a sacrificial layer, adhesion 
promoter, and UV-curable resin, respectively.  
 
5.2.2 Preparation of Si Mold by Fluorine ICP Etching 
 The SRR patterns with a linewidth of 55 nm and gap width of 25 nm were 
drawn by EBL using a hydrogen silsesquioxane (HSQ) as a negative-tone resist on a 
Si substrate as shown in Figure 5-2. The EBL was performed at an acceleration voltage 
of 100 kV and a current of 500 pA using a Vistec VB300. The HSQ film with a 
thickness of 40 nm was prepared on Si substrate by spincoating at a revolution speed 
of 1000 rpm and annealing at 170 °C for 5 min. For minimizing charging effects in 
EB drawing, the conductive polymer purchased from Mitsubishi Rayon was top-
coated onto the HSQ films. After EB drawing, the HSQ layer was developed by 
immersing in an aqueous mixture of 1wt% NaOH and 4wt% NaCl. 
 The ICP etching was performed with a mixture gases of SF6 and O2 using a 
Plasma Lab 150 etcher (Oxford Instruments). The gas mass flow rates [sccm] of (SF6, 
O2) were varied to (30, 20), (38, 12), and (40, 10) as an etching parameter. The pressure 
in the chamber was adjusted to be 1.0 Pa in all conditions. The ICP power and RF bias 
power were 1000 W and 10 W, respectively. The stage temperature was cooled to be 
−120 °C using a liquid nitrogen during etching processes. The morphologies of SRR 
patterns before and after ICP etching under all conditions were observed by FE-SEM 
using Carl Zeiss, Zeiss Ultra-60. 
 
5.2.3 UV-NIL and Lift-off Processes 
 The PMMA layer was prepared on a cleaned silica substrates by spincoating 
at a revolution speed of 2000 rpm for 30 s and annealing at 180 °C for 2 min. The SiO2 
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layer was deposited onto the PMMA substrates by plasma enhanced chemical vapor 
deposition (PECVD, Oxford Instrument, PlasmaPro 80 PECVD) at a temperature of 
150 °C. The mass flow rates of 1vol% SiH4/Ar and N2O were 850 sccm and 710 sccm, 
respectively. The chamber pressure was set to be 133 Pa, and the RF bias power was 
20 W. The film thickness of the deposited SiO2 layer was measured using a surface 
profiler (Veeco, Dektak 150).  
The adhesion layer of mr-APS1 was spincoated onto the substrates at a 
revolution speed of 3000 rpm for 30 s and annealed at 100 °C for 1 min. Then, UV-
curable resin film of mr-UV-Cur21-100nm was prepared by spincoating at 4000 rpm 
for 40 s and annealing at 100 °C for 1 min. UV nanoimprinting was carried out using 
an hyperbaric imprint tool (HIT) on the silica substrate. The Si mold comprising SRR 
arrays was surface-modified with 1H,1H,2H,2H-perfluorooctyltriethoxysilane by 
CVSM at 120°C for 1 h.  
The RIE processes for removal of a residual layer, SiO2 layer, and PMMA 
layer were demonstrated using a reactive ion etcher (Oxford Instrument, PlasmaPro 
80 RIE). The residual layer was etched under the condition of an O2 mass flow rate of 
2 sccm, Ar mass flow rate of 10 sccm, and chamber pressure of 4 Pa. The RF bias 
power was set to be 100 W. Then, SiO2 layer was etched using mixture gases of CHF3 
and O2, whose gas mass flow rates were controlled to be 48 sccm and 2 sccm, 
respectively. The chamber pressure was 73 Pa, and the RF bias power was 30 W. 
Finally, the PMMA layer was etched using an O2 gas. The O2 mass flow rate was 50 
sccm, and the chamber pressure of 4 Pa. The morphologies of films in each step were 
observed by FE-SEM. Metal deposition of titanium and gold was performed using an 
electron beam evaporator (Semicore, SC600). Finally, a lift-off process was 
accomplished by immersing in a dichloromethane solution. 
  
5.3 Results and Discussion 
5.3.1 Si Mold Comprising SRR Structures Fabricated by ICP Etching 
 Figure 5-3(a) shows the FE-SEM image of HSQ SRR structure fabricated by 
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EBL. The SRR with a line width of 57 nm and gap width of 24 nm were obtained. The 
FE-SEM images of Si patterns after ICP etching under various mixture ratio of SF6 
and O2 were shown in Figure 5-3(b-d). In the case of using the mass flow ratio of 
[SF6:O2 (sccm/sccm)] = [30:20] or [38:12], Si SRR structures with tapered side walls 
were obtained [Figure 5-3(b,c)]. In contrast, the SRR structure with steep side walls 
was obtained [Figure 5-3(d)]. The line and gap widths were 56 nm and 27 nm, 
respectively. The pattern height of 67 nm was also measured from tilted-FE-SEM 
images. For a UV nanoimprinting, the patterns with steep side walls are preferable in 
the process. Thus, the author determined that the ICP etching condition under a SF6 
mass flow rate of 40 sccm and an O2 mass flow rate of 10 sccm was preferable for the 
mold fabrication.  
 
5.3.2 Au SRR Arrays with 20-nm-Wide Gaps Fabricated by Lift-off 
Processes 
 Figure 5-4 shows SiO2 deposition rate on PMMA thin films by PECVD 
method. The film thickness of SiO2 increased linearly in accordance with deposition 
periods. The result indicated that uniform SiO2 layer was deposited onto PMMA films 
without undulation because of high temperature of 150 °C. Figure 5-5(a) shows the 
FE-SEM image of UV-cured resin films after UV nanoimprinting. The concave SRR 
structures with a linewidth of 50 nm and gap width of 32 nm were transferred onto the 
resin films. The results also indicated that UV nanoimprinting was successfully 
demonstrated without peeling-off of UV-cured resin, SiO2, and PMMA layers from 
the glass substrate. After etching of a residual layer and SiO2 layer by RIE, although 
the line and gap widths of SRR structures slightly changed from those in UV-cured 
resin films, SRR structures which were almost identical to mold designs were obtained. 
[Figure 5-5(b,c)]. Finally, Au SRR arrays were fabricated by metal deposition and 
successive PMMA removal by immersing in the organic solvent. The Au SRR arrays 
with a linewidth of 53 ± 2 nm and gap width of 18 ± 2 nm were fabricated as shown 
in Figure 5-5(d). It was revealed that the metal deposition process allowed the 
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fabrication of uniform Au nanostructures compared to that fabricated by metal etching 
processes. Figure 5-5 shows the FE-SEM images of Au SRR arrays fabricated by UV 
nanoimprint patterning in the identical substrate. The Au SRR arrays were almost 
identical, and this results indicated that UV-NIL was suitable for multi-patterning 
processes which is required for pattern enlargement by step and repeat processes. 
Figure 5-6(b) shows the Au-SiO2-Au SRR structure fabricated by the process. The 
SRR structures showed a wide line width of 57 nm and narrow gap width of 10 nm 
compared to the single Au layer SRR arrays. The SiO2 deposition by ALD, which 
form an isotropic layer not only on the top of Au SRR structures but also on the side 
walls, caused a morphological change. This metal-insulator-metal layer SRR 
structures suggested that the lift-off process combined with UV-NIL could become a 
reliable method to fabricate multi-layer metal structures at a high-thuroughput. 
 
5.4 Conclusion and Outlook 
 The lift-off process based on UV-NIL using a PMMA sacrificial layer and 
SiO2 hard mask layer was demonstrated to fabricate Au SRR arrays in this chapter. 
The SRR structures were successfully transferred onto the resin films by UV 
nanoimprinting without peeling-off of a SiO2 or PMMA layer from a silica substrate. 
The linewidth and gap width of SRR structures transferred onto the SiO2 layer were 
52 ± 1 nm 23 ± 2 nm, respectively, which were almost consistent with SRR mold 
designs. Au SRR arrays with 18-nm-wide gaps and multilayer (Au-SiO2-Au) SRR 
arrays with 10-nm-wide gaps were obtained by the process without a metal etching. 
The developed lift-off process based on UV-NIL method allowed the fabrication of 
uniform Au SRR arrays. Furthermore, the method opened the possibility of multilayer 











































































































































































































































































(b) SF6: O2 = 30 : 20 (sccm/sccm)







Figure 5-2. FE-SEM image of (a) HSQ patterns, (b-d) Si patterns after ICP
etching. The gas mass flow rates of [SF6, O2] were (b) [30 sccm, 20 sccm],







































Figure 5-3. The thickness of SiO2 deposited












Figure 5-4. FE-SEM image of (a) a mr-UVcur21 imprinted film, (b) the resist
film after removal of residual layer by O2 RIE, (c) the films after RIE of SiO2
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G: 17 ± 2 nm
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Figure 5-6. FE-SEM images of (a) Au SRR structure and (b) Au/SiO2/Au SRR
structure fabricated by UV-NIL with a lift-off process.
(b)
Line width: 57 nm
Gap width: 10 nm
(a)
Line width : 53 nm
Gap width: 18 nm
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Chapter VI: Conclusions 
 
 In this thesis, several nanofabrication methods based on UV nanoimprint 
lithography were demonstrated to fabricate 50 nm size Au SRR arrays to develop to 
the optical metamaterials. To obtain the uniform Au SRR arrays with small deviations 
in line and gap widths, which is consistent to mold designs, dry etching apparatus, 
etching resistance of UV-cured resins patterns, and lithography methods were 
investigated. 
 In chapter 1, the author introduced unique optical properties of metamaterials 
and research trends of metamaterials. Recently, the metal nanostructures with sub-100 
nm size are required to fabricate to achieve optical metamaterials which respond to 
magnetic fields in the visible light frequency region. The author focused on SRR 
arrays, which is one of the representative unit cell of metamaterials and addressed that 
nanofabrication methods to fabricate SRR and develop to practical applications are 
required. The author mentioned that UV-NIL is one of the promising technique to 
fabricate fine metal structures and proposed the fabrication methods combined with 
UV-NIL. 
 In chapter 2, to remove a residual layer located on concave parts of UV 
nanoimprinted resist patterns and maintain the pattern linewidth after dry etching, the 
author designed and set up an apparatus with parallel electrode configuration to carry 
out anisotropic O2 RIE. Imprint resist patterns with 45 nm line-and-space on a silicon 
wafer were fabricated with a NL-KK1 resin and a fluorinated replica mold under an 
easily condensable gas atmosphere. Changes in the pattern shapes in terms of etching 
parameters of an O2 mass flow rate, an O2 pressure, and a RF bias power were 
investigated by FE-SEM using cross-sections of imprint patterns on Si substrates. 
Steep resist patterns with a linewidth of 45 nm and without a residual layer could be 
left on a silicon wafer after O2 RIE, and the linewidth was almost maintained. The 
author revealed that anisotropic etching was realized under the condition with a high 
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O2 mass flow rate, low chamber pressure, and low RF bias power. Line and space 
patterns of 45 nm width could be transferred to Si substrate using the resist mask by a 
subsequent dry etching process. 
In chapter 3, the author investigated the TMA infiltration behaviors into UV-
cured resin films to realize enhancement of dry etching resistance. The chemical 
structures of monomers controlled the TMA infiltration in ALD-based SIS and SVI 
methods and O2 RIE resistance was improved by these methods. However, the Ar ion 
milling resistance of UV-cured resin films were almost consistent with the non-
modified resin films. The results suggested that ALD-based inorganic modification to 
enhance resistance was probably useful in the processes of chemical etching. On the 
other hand, the author revealed that resin layer modified by ALD method could be 
removed by O2 RIE and AlOx layer deposited onto the Au films by ALD method was 
suitable mask for Au etching. Au SRR arrays with 25-nm-wide gaps were successfully 
fabricated by Ar ion milling using the ALD mask layer. 
In chapter 4, the author developed a UV-curable resin (NL-SU1) suitable for 
screen printing and reverse-tone lithography methods. In terms of the viscosity and 
methacrylate consumption of the UV-curable resin, bisphenol A-based monomers was 
adjusted to 11.0 Pa∙s comprising photoinitiator which allowed high methacrylate 
consumption in UV curing were developed. The UV-curable resin after curing could 
be used as a top-coated resist layer on another imprinted resist layer because of its 
sufficient contrast in O2 RIE and Ar ion milling. The author finally demonstrated a 
method for reverse-tone lithography in a print–and-imprint method to fabricate 20-
nm-thick and 50-nm-linewide Au SRR arrays. It was indicated that the top-coat layer 
of NL-SU1 allowed fabrication of Au SRR arrays with small deviation in line and gap 
widths. 
In chapter 5, lift-off processes combined with UV-NIL methods were 
developed using PMMA as a sacrificial layer and SiO2 layer as a hard mask layer. Au 
SRR arrays with a linewidth of 53 nm and gap width of 18 nm were uniformly 
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fabricated by the processes. The pattern enlargement of Au SRR arrays by UV-NIL 
were also demonstrated on the silica substrate. The double-layer Au SRR arrays which 
comprising Au-SiO2-Au layers were also achieved by metal and dielectric deposition 
processes. This lift-off processes the open possibility to fabricate three-dimensional 
optical metamaterial based on UV-NIL method without any alignment system.  
This thesis provides the systematic investigations of various fabrication 
methods of 50 nm-size Au SRR arrays to develop to optical metamaterials. The dry 
etching apparatus developed by the author allowed the removal of residual layer 
underneath imprinted patterns by anisotropic O2 RIE. In addition, the UV-
nanoimprinted resist patterns worked as a dry etching mask and succeeded in Si 
patterning using SF6-based gases without pattern shrinkage. On the other hand, for Au 
etching using UV-nanoimprinted resist patterns as etching masks, the poor etching 
resistance caused the morphological changes of Au SRR structures in comparison with 
those of mold designs. To enhance dry etching resistance of UV-cured resins, inorganic 
modification based on ALD methods were adopted. Although the etching resistance 
was improved in O2 RIE process by organic/inorganic hybridization of resin films, the 
etching resistance for Ar ion milling was almost consistent to unmodified resin films 
because physical ion bombardment had large energy. It was found that the Al2O3 
inorganic film was prepared on Au surfaces by ALD, which showed high etching 
resistance in the Ar ion milling process. The Au SRR arrays with small gap width of 
25 nm were fabricated using the Al2O3 mask layer combined with UV-NIL method. 
Another attempt to obtain high etching resistance was reverse-tone lithography 
method utilizing the dry etching contrast between an imprinted layer and a top-coated 
layer. The top-coat resin composed of two bisphenol-A based monomers with a 
viscosity of 11.0 Pa∙s was prepared to be adopted in a print-and imprint method. The 
topcoat method without organic diluents allowed the preparing thin top-coated layers 
uniformly on the imprinted resin layer. Furthermore, the uniform Au SRR arrays 
which showed the small deviations in line and gap widths were obtained. However, 
the metal etching processes using an Ar gas still have to be improved because widened 
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of gap width occurred. The lift-off process based on UV-NIL was the most preferable 
candidate for fabrication of Au SRR arrays. The increase of gap width or large 
deviation of line and gap widths occurred in Au etching processes were suppressed. 
The process also enabled us to fabricate multilayer structures without alignment 
system. The author believes that the lift-off based on UV-NIL has an important role in 
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List of Figures 
 
Figure 1-1. Illustration of a slab lens with negative refractive index. 
Figure 1-2. (a) Schematic of hyperlens and numerical simulation of imaging of 
sub-diffraction-limited objects. (b) An arbitrary object “ON” imaged with 
sub-diffraction resolution. Line width of the object is about 40 nm, and the hyperlens 
is made of 16 layers of Ag/Al2O3. 
Figure 1-3. (a) 2D microwave cloaking structures. Snapshots of time-dependent, 
steady-state electric field patterns, with stream lines [black lines] indicating the 
direction of power. The fields shown are (b) the simulation of the cloak with the 
exact material properties, and (c) the simulation of the cloak with the reduced 
material properties. 
Figure 1-4. A Gaussian beam reflected from (a) a flat surface (b) a curved (without a 
cloak) surface (c) and the same curved reflecting surface with a cloak. The left 
column shows the schematic diagrams. The middle column shows the optical 
microscope images and normalized intensity along the output grating position. 
Figure 1-5. Real and imaginary parts of the effective permeability of silver SRRs in 
the host material with e = 2.25 as a function of the SRRs’ dimensions. 
Figure 1-6. Models of single SRR with double gaps used in calculations above 100 
THz. Real and imaginary parts of the effective permeability of silver SRRs in the 
host material with e = 2.25 as a function of the SRRs’ dimensions. 
Figure 1-7. Models of single SRR with quadruple gaps used in calculations above 
100 THz. Real and imaginary parts of the effective permeability of silver SRRs in 
the host material with e = 2.25 as a function of the SRRs’ dimensions.  
Figure 1-8. (a) Schematic outline of the DNA-templating process for mass 
production of gold trimer ring. Ligand DNA covalently binds with gold NP and then 
hybridizes with Template DNA and Supporting DNA to form building blocks. (b) 
STEM image of gold trimer ring. (c) AFM height images of gold trimers on quartz 
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substrates. The inset is the enlarged images. The trimers are indicated by the dashed 
white circles in (c). The height range is 25 nm. 
Figure 1-9. (a) Scanning electron micrographs of fabricated silica core - Au shell 
clusters. (b) Measured extinction spectra of fabricated core-shell clusters in solution 
(blue dashed curve). For comparison, the extinction spectra of the single gold 
nanospheres are shown (red solid curve). 
Figure 1-10. Measured transmission (red) and reflection (blue) spectra. In each row 
of this ‘‘matrix” an electron micrograph of the sample is shown on the right-hand 
side. The two polarization configurations are shown on top of the two columns. In 
the first row (A and B), the lattice constant of the SRRs is 450 nm; in the second row 
(C and D), it is 600 nm; and in the third row (E and F), it is 900 nm. (A) to (F) 
correspond to nominally identical SRRs. In the last row (G and H), results for 
closed-ring resonators with 600 nm are shown. The combination of these spectra 
unambiguously shows that the resonance at about 3-mm wavelength (highlighted by 
the gray areas) is the LC resonance of the individual SRRs. 
Figure 1-11. . (a) Schematic of the fabrication method of a Au SRR array on a silica 
substrate by Thermal-NIL. The inset shows the design of the double-gap SRRs. (b) 
Combined SEM image of the Au SRR array in a 5-mm square area. (c) s-Polarized 
transmission spectra for oblique incidence at various incident angles. 
Figure 1-12. FE-SEM images of SRR arrays. (a) Resist patterns of thin films of 
NL-KK1 after UV nanoimprinting and (b) Au patterns obtained by Ar ion milling 
using the NL-KK1 resist mask on the surface modified Au-plated substrates. 
Figure 1-13. (a) Focused-ion-beam cut of a polymer structure partially filled with 
gold by electroplating. (b) Oblique view of a left-handed helix structure after 
removal of the polymer by plasma etching. (c) Top-view image revealing the circular 
cross section of the helices and the homogeneity on a larger scale. The lattice 
constant of the square lattice is a = 2 mm. Normal-incidence measured and 
calculated transmittance spectra are shown in the left and right columns. LCP and 
RCP are depicted in red and blue, respectively. (d) Slightly less than one pitch of 
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left-handed helices, (e) two pitches of left-handed helices, and (f) two pitches of 
right-handed helices. 
Figure 1-14. (a) Schematic diagram of the structure with definitions of the 
geometrical parameters: lx =430 nm, ly =380 nm, w =80 nm, t =20 nm, s =70 nm, px 
=700 nm and py =700 nm. (b) Processing scheme. (c,d) Atomic force microscopy 
images and cross-section profiles of gold SRRs before (c) and after (d) planarization. 
Before planarization (c), the peak-to-valley height is approximately 27 nm. After 
planarization (d) with a 70 nm PC403, the peak-to-valley height is reduced to 5 nm. 
Field-emission scanning electron microscopy images of the four-layer SRR structure 
(e) normal view. (f) enlarged oblique view. The lateral alignment is excellent. 
Figure 1-15. Schematic illustration of the fabrication method for gold SRR 
multi-layers; (a) imprinting into two layer resist system, (b) etching of residual layer, 
(c) deposition of Ti and Au, (d) lift-off of resists. (e) spin coating or droplet dispense 
of Ormostamp, (f) imprinting and hardening of Ormostamp on structured substrate, 
(g) separation and sticking of gold structures to Ormostamp. (h) spin coating or 
droplet dispense of Ormostamp on 1st layer, (i) imprinting and hardening of 
Ormostamp, (j) separation and sticking of gold structures. (k) Optical microscope 
picture of stacked SRRs. Bottom to top the number of SRR Layers increases up to 
four layers. 
 
Figure 2-1. Illustration of a main chamber of our developed parallel-type dry etching 
apparatus. 
Figure 2-2. Chemical structures of (a) base monomer and (b) photo-initiator for 
UV-curable resin. (a) bisphenol A glycerolate dimethacrylate (BG), (b) 
2-methyl-1-(4-methylsulfanylphenyl)-2-morpholin-4-ylpropan-1-one (Irgacure 907). 
Figure 2-3. Decrease of film thickness of cured NL-KK1 films as a function of O2 
RIE period; (a) The O2 mass flow rate varied to 5, 10, and 30 sccm under constant 
conditions of an O2 pressure of 0.5 Pa and a RF bias power of 40W. (b) The O2 
pressure varied to 0.2, 0.5, and 1.0 Pa under an O2 mass flow rate of 10 sccm and a 
113
RF bias power of 40 W. (c) The RF bias power varied to 20, 40, and 100 W under an 
O2 mass flow rate of 10 sccm and an O2 mass flow rate of 0.5 Pa. 
Figure 2-4. Cross-sectional FE-SEM images of 45-nm-wide line-and-space NL-KK1 
imprinted patterns (a) before and (b–h) after O2 RIE under various conditions 
[etching period, O2 mass flow rate, RF bias; (b) [50 s, 5 sccm, 0.5 Pa, 40 W], (c) [50 
s, 10 sccm, 0.5 Pa, 40 W], (d) [49 s, 30 sccm, 0.5 Pa, 40 W], (e) [76 s, 10 sccm, 0.2 
Pa, 40 W], (f) [36 s, 10 sccm, 1.0 Pa, 40 W], (g) [89 s, 10 sccm, 0.5 Pa, 20 W], and 
(h) [25 s, 10 sccm, 0.5 Pa, 100 W]. LW and TA indicate line width and taper angle of 
patterns, respectively. 
Figure 2-5. Schematic illustration of dry etching conditions in the case of isotropic 
and anisotropic etching. 
Figure 2-6. Cross-sectional SEM image of silicon line-and-space pattern fabricated 
by SF6- and C4F8-based ICP etching using a 45-nm-wide NL-KK1 resist mask after 
removal of a residual layer by O2 RIE under conditions (etching period: 76 s, an O2 
mass low rate: 10 sccm, O2 pressure: 0.2 Pa, RF bias power: 40 W).  
 
Figure 3-1. Schematic illustration of atomic layer deposition (ALD), sequential 
infiltration synthesis (SIS), and sequential vaper filtration (SVI) methods. 
Figure 3-2. Chemical structures of (a) bisphenol A ethoxylate dimethacrylate (BE) 
and (b) 2-benzyl-2-(dimethylamino)-1-(4-morpholin-4-ylphenyl)butan-1-one 
(Irgacure 369). 
Figure 3-3. Changes in thickness of UV-cured resin films of (a, c, e) BE369 and (b, 
d, f) NL-KK1 as a function of O2 RIE period. The resin films of BE369 and NL-KK1 
were modified via (a, b) ALD method, (c, d) SIS method, and (e, f) SVI methods. 
Figure 3-4. Changes in thickness of UV-cured resin film of (a, c, e) BE369 and (b, d, 
f) NL-KK1 as a function of Ar ion milling period. The resin films of BE369 and 
NL-KK1 were modified via (a, b) ALD method, (c, d) SIS method, and (e, f) SVI 
methods. 
Figure 3-5. Schematic illustration of UV-NIL with SIS or SVI methods for 
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fabrication of Au SRR arrays. 
Figure 3-6. AFM topographic images and pattern profiles of NL-KK1 imprinted 
SRR arrays fabricated by UV nanoimprinting (a, b) before removal of residual layer 
by O2 RIE and (c) after O2 RIE for 30s. The O2 RIE condition: the O2 mass flow rate 
of 10 sccm, the O2 pressure in chamber of 0.2 Pa, and the RF bias power of 40 W.  
Figure 3-7. AFM topographic images and hight profiles of Au SRR arrays fabricated 
by UV-NIL with a mask layer of (a) NL-KK1 imprinted patterns, (b) NL-KK1 
patterns modified by SIS method for 5 cycles, and (c) NL-KK1 patterns modified by 
SVI method for 100 cycles. The Ar ion milling condition: the Ar mass flow rate of 
10 sccm, the Ar pressure in chamber of 0.5 Pa, and the RF bias power of 20 W. 
Figure 3-8. FE-SEM images of (a) NL-KK1 resist patterns after removal of residual 
layers by O2 RIE and (b-d) Au SRR arrays fabricated by Ar ion milling using a mask 
layer of (b) NL-KK1 imprinted mask, (c) NL-KK1 mask modified by SIS method for 
5 cycles, and (c) NL-KK1 mask modified by SVI method for 100 cycles. The Ar ion 
milling condition; the Ar mass flow rate of 10 sccm, the Ar pressure in chamber of 
0.5 Pa, the RF bias power of 20 W, and the etching period of 8 min 10 s. 
Figure 3-9. Schematic illustration of reverse-tone UV-NIL with ALD method for 
fabrication of Au SRRs.  
Figure 3-10. FE-SEM images of (a) imprinted concave SRR patterns of NL-KK1 on 
a Au-deposited film, (b, c) Au SRR patterns fabricated by reverse-tone UV-NIL with 
AlOx layer as hard mask layer. The Au SRR arrays fabricated by the process (b) 
before and (c) after Cr etching. 
 
Figure 4-1. Schematic illustration of reverse-tone lithography using a 
print-and-imprint method. (i) Preparation of a flat top-coated layer by screen printing 
of resin droplets onto imprinted layers followed by step-and-repeat UV 
nanoimprinting with a flat silica mold. (ii) Removal of redundant top-coated and 
imprinted layers by O2 RIE. (iii) Ar ion milling through resist masks to fabricate Au 
nanostructures. 
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Figure 4-2. Schematic illustration of a print-and-imprint method which comprising 
screen printing to place droplets of high-viscosity UV-curable resin on a substrate 
surface through a laser-drilled mask and subsequent UV nanoimprinting with a 
transparent mold. 
Figure 4-3. Fluorescence microscope images of droplets of (a) Resin 4A (0.136 Pa∙s), 
(b) Resin 4B (1.91 Pa∙s), (c) Resin 4C (6.26 Pa∙s), (d) Resin 4D (12.8 Pa∙s), (e) Resin 
4E (47.9 Pa∙s), and (f) Resin 4F (266 Pa∙s) placed on Si surfaces. A PI mask had a 
diameter of d = 10 mm and a pitch of P = 45 mm. The fluorescence images were 
taken 10 min after screen printing. 
Figure 4-4. (a – c) Fluorescence microscope images and (d – f) diameter 
distributions of Resin 4D (NL-SK1F) droplets observed (a, d) 10 min, (b, e) 1 h, and 
(c, f) 3 h after discharging by screen printing using a PI mask with d = 10 mm and P 
= 45 m. 
Figure 4-5. (a) Cross-sectional FE-SEM image of a NL-SK1 droplet discharged with 
a PI mask (d = 10 m) and cured by UV exposure. (b, c) Height profiles of cured 
NL-SK1 droplets measured with a surface profiler in a length range of (b) 7 mm and 
(c) 1 mm. 
Figure 4-6. (a–d) Top and (e–h) cross-sectional FE-SEM images of (a, e) 45-nm-, (b, 
f) 60-nm-, (c, g) 80-nm-, and (d, h) 100-nm-wide imprinted Resin 4D patterns on a 
silicon substrate prepared by the print & imprint method with a PI mask (d = 10 m, 
P = 30 m) and a NIM-PHL-45 silica mold fluorinated with FAS13. 
Figure 4-7. (a) Reflected light optical microscope image of NL-SU1 droplets printed 
onto a NL-SK1 cured film and (b) a height profile of cured NL-SU1 droplets 
measured with a surface profiler. 
Figure 4-8. Decrease of film thickness of NL-KK1, NL-SU1, and NL-SK1 cured 
films as a function of period of (a) O2 RIE and (b) Ar ion milling. (c) Decreased 
thickness of a Au-deposited film by Ar ion milling. 
Figure 4-9. AFM topographic images and height profiles of (a) an imprinted 
NL-SK1 layer with concave SRR-shaped patterns on a Au-deposited film and (b) Au 
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SRR patterns fabricated by reverse-tone lithography in a print-and-imprint with a 
top-coated layer of NL-SU1. 
Figure 4-10. FE-SEM image of Au SRR structures fabricated by reverse-tone 
lithography in a print-and-imprint method with a first NL-SK1 imprinted layer and a 
second top-coated NL-SU1 layer. 
Figure 4-11. AFM topographic images of cured films of (a–c) NL-KK1 and (d–f) 
NL-SU1. (a, d) flattened cured films, (b, e) cured films after O2 RIE for 2 min 40 s, 
and (c, f) cured films after Ar ion milling for 8 min 20 s. 
 
Figure 5-1. Schematic illustration of fabrication method for Au SRRs by UV-NIL 
combined with a lift-off process. 
Figure 5-2. FE-SEM image of (a) HSQ patterns, (b-d) Si patterns after ICP etching. 
The gas mass flow rates of [SF6, O2] were (b) [30 sccm, 20 sccm], (c) [38 sccm, 12 
sccm], and (d) [40 sccm, 10 sccm]. 
Figure 5-3. The thickness of SiO2 deposited on PMMA films by PECVD.  
Figure 5-4. FE-SEM image of (a) a mr-UVcur21 imprinted film, (b) the resist film 
after removal of residual layer by O2 RIE, (c) the films after RIE of SiO2 layer, and 
(d) Au SRR structures fabricated by UV-NIL with a lift-off process. 
Figure 5-5. Patterning layout and FE-SEM images of Au SRR arrays fabricated by 
UV-NIL. 
Figure 5-6. FE-SEM images of (a) Au SRR structure and (b) Au/SiO2/Au SRR 
structure fabricated by UV-NIL with a lift-off process. 
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List of Tables 
 
Table 2-1. O2 RIE conditions to etch NL-KK1 cured films and remove the residual 
layer of NL-KK1 imprinted resist patterns on Si substrates. 
 





 本研究は、東北大学 多元物質科学研究所 高分子・ハイブリッド材料研究




研究所 教授 中川 勝 先生に心から深く感謝いたします。 
 
 本論文をまとめるにあたり、温かいご指導・ご助言を賜りました東北大学 




学研究所 准教授 中村 貴宏 先生、助教 廣芝 伸哉 先生、物質・材料研究機





Lawrence Berkeley National Laboratory, Molecular Foundry, Nanofabrication 
Facility Director, Dr. Stefano Cabrini、Staff Scientist, Dr. Deirdre Dlynick, Dr. Scott 
Dhuey, aBeam technologies Inc., Dr. Keiko Munechika, Dr. Giuseppe Calafiore, Dr. 















東北大学大学院 工学研究科 応用化学専攻 
 
上原 卓也 
120
